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Stress-strain state of seepage-control wall constructed
for repairs of earth rock-fill dam

HanpsixeHHO-gedopMmnpoBaHHOE COCTOAHME
NPOTUBOPUIBETPALUNOHHOW CTEHbI, BbINOMHEHHOW A1 PEMOHTA
KaMeHHO-3eMSISTHOW MMOTUHbI

M.P. Sainov,

O.V. Anisimov,

National Research Moscow State Civil Engineering
University, Moscow, Russia

Key words: earth-rockfill dam; cut-off wall; dam
failure; soil subsidence; stress-strain state; clay-
cement concrete; seepage load; bored piles

KaHnd. mexH. Hayk, doueHm M.I1. CauHos,
acnupaHm O.B. AHucumos,

HauuoHanbHbIl uccriedosameribeKul
Mockosckutli eocydapcmeeHHbIU cmpoumeribHbil
yHusepcumem, 2. Mockea, Poccus

KniouyeBble cnoBa: KaMeHHO-3eMSsiHas MNIoTUHA;

CTeHa B TIpyHTe; aBapusi MNIOTUHbI; MNPOCaaKM
TPyHTa; HanpshxéHHO-AedopMMpoBaHHOE
COCTOSIHVE; rMUHOLEMEHTOBETOH;

dunbTpauroHHas Harpyska; 6ypoHabuBHble cBau

Abstract. Methodology and the results of numerical modeling of stress-strain state (SSS) of an
earth-rockfill dam are considered, where after a failure of the clay core there was created a new seepage-
control element presented by a clay-cement concrete wall. Calculations were conducted on the example
of the dam section of Kureyka HPP, where emergency situation occurred in 1992. For repairs of the 25
high dam in the core and in the foundation there was arranged a 35 m deep wall made of bored piles.
SSS analyses of the dam were conducted with use of the computer program elaborated by the author.
This permitted consideration in the analyses of a humber of important factors such as the sequence of
the dam and the wall construction, non-linearity of soils deformation, their subsidence as well as time-
dependent variation of seepage forces. Seepage calculations showed that load on the piles from
seepage flow is formed over a long time due to the durable process of the wall construction. If piles are
arranged sequentially, one pile after another, during this time clay-cement concrete acquires about 50 %
of design strength. If the wall is constructed in 2 stages, clay-cement concrete acquires about 80 % of its
strength. SSS analyses showed that the wall in the failed dam performs in complicated conditions: due to
a non-uniform structure of soil mass, it is subject to complicated bending deformations. To avoid the
appearance of tensile stresses in the wall it is recommended to make the wall of plastic clay-cement
concrete whose deformation is close to deformation of soils.

AHHOTaumsa. PaccmartpuBalTca MeToauka W pe3ynbTaTbl  YWUCIIEHHOTO  MOLENUPOBAHMSA
HanpsxéHHo-gedopmuposaHHoro cocTtosiHua (HOC) kaMeHHO-3eMNsHOW MMAOTUHbBI, B KOTOPOMW nocne
BbIXO4a M3 CTPOSA €€ MMUHWUCTOrO siApa YCTPOEH HOBLIA MPOTMBOMUIbTPALMOHHDBIA 3IEMEHT — CTEHa U3
rmuHouemeHTobeToHa. PacuyéTtel npoBogununce Ha npumepe yyactka nnotuHel Kypenckon [3C,
aBapuiiHas cuTyalms Ha koTopoM npousowna B 1992 rogy. [1na peMoHTa NNoTUHbLI BbICOTON 25 M B ape
N OCHOBaHuMM Oblna ycTpoeHa cTeHa rmybuHonm 35 m u3 GypoHabusHbix cBaw. Wccnegosanua HAC
NAOTUHbI MPOBOAWMANCE C MOMOLLBK BbIYUCIIUTENBHOW MNPOrpaMmbl, COCTaBMIEHHOW aBTOPOM. 3TO
MO3BOMMIO YYECTb B pacyéTax psif BaHbIX (PAKTOPOB, TakMX Kak MocrefoBaTerlbHOCTb BO3BEAEHUS
NAOTUHbI U CTEHbl, HEMMHENHOCTb Oe(OPMUPOBAHMSA TPYHTOB, UX MPOCAAKW, a Takke M3MEHEeHue BO
BpeMeHn uUnbTpauMoHHbIX cun. PunbTpauuoHHbIE pacyE€Tbl MOKa3anu, YTO Harpy3ka Ha cBau OT
dunbTpauMoHHOrO  notoka  chopmupyeTcs  ONUTENbHOE  BpeMs  K3-3a  NPOAOIDKUTENbHOro
TEeXHOMNOrM4eckoro npouecca Bo3BeAeHUst cTeHbl. Ecnn cBan ycTpavBatoTcst nocrnegoBaTenbHO, CBas 3a
CBaeln, TO 3a 9TO BPEMsI IMUHOLEMEHTOBETOH ycneeT HabpaTb okono 50 % npoekTHom npodHocTun. Ecnn
CTeHa BO3BOAUTCS B 2 ovepeaun, TO rMuHoueMeHTobeToH HabupaeT yxxe okono 80 % cBOei NPOYHOCTMW.
PacuéTtel HOC nokasanu, 4Tto CTeHa B aBapMMHOM MMOTUHE paboTaeT B HENPOCTbIX YCMOBUSX — U3-3a
HEeOLHOPOAHOIo CTPOEHMS TPYHTOBOIO MaccuBa OHa MCMbITLIBAET CMNOXHble U3rMbHble aedopmaunn. Bo

CamnoB M.IIL., Anucumor O.B. Hampspxenno-megopMupoBaHHOE COCTOSHHE MPOTHBOGMIBTPAIMOHHONW CTEHBI,
BBIITOJTHEHHOM 11 pEMOHTA KaMEHHO-3€MJISSHON TUIOTHHBI // MH)KeHEpHO-CTpOoUTENbHBIH x)ypHai. 2016. Ne 8(68).
C.3-17.
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n3bexxaHne MOSIBNEHUS B CTEHE pacTArMBalOLWMX HanpsKeHWn PeKoMEeHAYeTCsl BbIMOSHSATb CTEHy W3
MAacTUYHOTO rMMHOLEMeHTOBeTOoHa, AedhOpMUMPYEMOCTb KOTOPOro 6M3ka K 4edOpPMUPYEMOCTM FPYHTOB.

Introduction

Structures like the “cutoff wall” started to be used as seepage control curtains in the middle of the
XX-th century. Recently seepage control arrangements of this type were broadly used for seepage
control in the dam foundation. The examples may be Yumaguza [1], Gotsatlin (Russia) and Sangtuga
(Tajikistan) [2] dams, dams Karkheh (Iran) [3], Peribonka (Canada) [4], Merowe (Sudan) [5], Dhauliganga
(India) [7] and others [6, 8, 9]. Seepage-control walls were also arranged as diaphragms of earthfill dams
[10].

One more important use of structures like “slurry trench cutoff wall” was their application for repairs
of earthfill dams. For example, a 70 m deep wall was arranged in the foundation of Sylvenstein dam
during its reconstruction [11].

At repairs of earthfill dams, the arrangement of a new seepage-control element sometimes is
required not in the dam foundation but inside the dam. The thing is that at a number of earth rock-fill
dams there have occurred emergency situations when the seepage-control element failed. The examples
may be dams Balderhead (Great Britain) [12], Hyttejuvet (Canada) [13], Kolyma and Kureyka [14] dams
(Russia). Through joints were formed in clay cores of these dams which became paths of intensive
seepage. This seepage resulted in intensive scour by seepage flow of the dam body and soil removal
beyond the dam profile. Further development of seepage deformations may result in full dam failure
unless emergency and repair measures have been taken.

Heavy overhaul of damaged earth rock-fill dams may be carried out using two main methods. The
first one envisages repairs of soil seepage-control element by filling joints developed in it with different
mortars. The second, more reliable method suggests arrangement in the dam body of a new seepage-
control element. Such seepage-control element is usually presented by seepage-control walls
constructed by a “cutoff wall” method. The first seepage-control wall was arranged in 1968 for repairs of
Balderhead dam [12].

A new seepage-control element has to work in complicated conditions because the density of the
enclosing it soil was disturbed during failure. This article deals with studies of operation conditions of the
seepage-control wall arranged in the body of the failed earth rock-fill dam as well as the effect of these
conditions on the wall safety.

The study was conducted on the example of Kureyka HPP dam. Kureyka HPP earth rock-fill dam
was constructed in 1980-s on the Kureyka River in Russia’s Far North [14].

The emergency situation at Kureyka dam occurred on July 26, 1992, at its left-bank section. During
failure the upstream level was 95 m, 0.5 m higher than FSL. The length of the emergency section was
about 30 m (from Sta. 7+00 to Sta. 7+32). The emergency situation was created due to the sharp
increase of seepage discharge (from 20 to 1750 I/s), removal by seepage flow of a considerable volume
of soil, as well as subsidence of the dam upstream slope crest. Crest subsidence at the dam emergency
section amounted to about 1 m [14, 15].

As a mitigation measure the clay soil was filled in the upstream slope and at the downstream
slope, a stone drain was arranged with surcharging by gravel-pebble soil.

By the flood period of 1993 the repairs on the dam had been fulfilled, which consisted of injection
of cement-clay mortars [16]. At drilling operations, disturbances in core integrity were revealed. There
were observed sections with liquid loam as well as sections filled with sand and gravel. Three water
permeable zones were found in the structure, which created through seepage paths (Fig. 1). Two zones
were located in the dam core: the upper zone was approximately in the middle of the core height
(V81 + 83 m), the lower zone was at its toe (V76 + 80 m). The third permeable zone does not cross the
core. The beginning of this zone was located vertically and separated the core from the upstream apron.
Through this joint water ingressed in the foundation sand interlayer under the core and through it
bypassed the seepage-control element of the dam. Evidently, development of the emergency situation
started from this particular zone, and located above water permeable zones were formed later as a result
of the emergency situation development.
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Figure 1. Dam configuration in the design section (Sta. 7+27)
1 - profile of fill on the upstream slope for emergency situation liquidation; 2 — profile of fill on the
downstream slope; 3 —location of the seepage-control wall made for dam repairs

Color designations of the dam body and foundation materials:
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M-1 - loam of the core and the apron in the intact state; -2 — disturbed zone in the dam core;
M-3 — soil of the first layer of transition zones; M-4 — soil of the second layer of transition zones;
M-5-rock muck of the dam shells; -6 — gravel-pebble soil on the dam crest;

0O-1 - foundation sand; O-2 —rock foundation; O-3 — foundation loam;

0-4 — foundation sandy loam; O-5 — foundation gravel-pebble soil with loam filler;

0-6 — foundation gravel-pebble soil with sandy loam filler

Considerable damage of the dam core and foundation made their rehabilitation impossible without
the reservoir drawdown, therefore, it was decided to make repairs by arranging a new non-soil seepage-
control element.

The design of measures on repairs of the dam emergency section envisaged construction of a wall
at the section from Sta. 6+20 to Sta. 7+60. The wall was made of bored piles 1200 mm in diameter with
spacing 850 mm [17, 18]. The design depth of the wall is 35 m. It cuts the about 25 m high earthfill dam
body and deepens into the earth foundation for about 10 m.

For the seepage-control wall material there was used liquid plastic clay-cement concrete consisting
of 125-156 kg of Portland cement and 120-140 kg of bentonite, 380-680 kg of sand and 900-1000 kg of
gravel [18, 19]. The density of this material is 1.98-2.26 kg/m3. This clay-cement concrete has a cube
uniaxial compression strength 1-2 MPa. However, its strength properties are rather unstable, and the
process of gaining strength is rather durable (Table 1) [18, 19]. Over the first 7 days is gains
approximately 50 % of strength at the age of 28 days. The maturing process also continues after 28 days.

Table 1. Compressive strength of clay-cement concrete samples

Age of samples 7 days 28 days 90 days
Strength minimum value, MPa 0.42 0.57 0.70
Strength average value, MPa 0.91 1.36 2.02
Strength maximum value, MPa 1.52 2.38 3.07

There is controversial information about deformability of clay-cement concrete. According to the
data [18] the deformation modulus of clay-cement concrete is equal to 10-20 MPa, and according to the
data [19] it is 30—200 MPa.

The wall was constructed in 1998—2000 and to date it has been working reliably. Our studies of
Kureyka dam seepage-control wall workability should determine the degree of safety of this structure and
reveal its determining factors.
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Methods
Peculiar features of design studies methodology

Solution of the given assignment is rather complicated because SSS analysis should consider the
complicated design scheme of the structure behavior: multiple important factors affecting its SSS.

The first factor is construction sequence of the structure and the wall itself. The seepage-control
wall is constructed in the already existing earthfill dam, therefore, before solving the task about the dam
behavior with the wall it is necessary to solve the problem of the dam SSS before construction of the
wall. Besides, it is necessary to represent the process diagram of the wall construction. The methodology
of the wall construction of bored piles envisages filling of piles with clay-cement concrete. Hardening of
clay-cement concrete occurs already in the structure. Therefore, calculation should be carried out at least
in two stages. The first stage refers to clay-cement concrete in non-hardened semi-liquid state. At this
stage the wall SSS from its own dead weight is formed. At that, it is necessary to take into account that
clay-cement concrete may freely settle under its own weight, because its shear strength is small. For this
purpose in the design diagram it is necessary to envisage presence of a sliding contact between clay-
cement concrete and soil. If this feature is not taken into account the wall stress state may be distorted
due to the effect of clay-cement concrete “hanging” on the surrounding soil. The second stage of analysis
is the behavior of wall of hardened clay-cement concrete. Perception by the wall of seepage forces may
occur both on the first and the second stages depending on conditions of these forces formation.

The second factor is the value and conditions of formation of external forces acting on the wall and
the whole structure. As loads on the seepage-control wall are formed by seepage flow in order to
determine these loads it is necessary first to solve the problem of the structure seepage regime.

Before failure the dam core may be considered to be watertight, therefore, action of water
corresponds to hydrostatic pressure. During failure, water permeable zones are formed; therefore,
hydrostatic pressure in them should be replaced by seepage forces. For determining seepage forces it
was necessary to solve the problem of seepage through water permeable zones. The obtained
distribution of seepage flow levels is shown in Figure 2. Forces from seepage flow are distributed forces.
Inside water permeable zones the seepage forces are distributed by volume. At water permeable
boundaries of these zones the seepage forces are presented by surface forces from pressure of filtering
water.
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Figure 2. Location of lines of the equal level in water permeable zones
of the structure during failure

Arrangement of the seepage-control wall in the dam cardinally changes the seepage pattern:
seepage head is concentrated on the wall. However, variation of seepage flow occurs slowly, gradually.
Therefore, conditions of the wall perception of seepage load depend on how fast this load will rise as
compared to the process of clay-cement concrete maturing.
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In order to determine the character of seepage load formation it is necessary to solve a 3D
problem on unsteady seepage regime of the structure during construction of a watertight wall in it. This
problem was solved by M.P. Sainov in his Ph. D. thesis. Studies showed that the value of seepage load
on the pile depends on location of this pile within the wall. Seepage load on end piles is small because
seepage flow bypasses the wall. The longer is the distance of the pile from the end of the wall the higher
is seepage pressure which it perceives.

Investigations showed that formation of seepage load on the wall occurs rather quickly. Seepage
pressure manages to acquire values typical for steady seepage regime due to low rate of the wall
construction: 1-2 piles a day.

However, it should be taken into account that formation of seepage load starts from the moment
when the wall becomes an entire barrier. Depending on the wall construction sequence the character of
increase of seepage load on one bored pile may be different. As it is known in practice there may be
used two sequences of construction of a bored piled wall: the first one when piles are arranged
sequentially and the second when the wall is constructed in two stages (first-stage piles are arranged
next but one, and then the second-stage piles fill the space between the first-stage piles).

Figure 3 shows time-dependent variation of water levels around one separate pile for two
construction methods of the walll. Water level from the pile upstream side rises, while from the
downstream side it lowers.

When piles are arranged subsequently, the rate of seepage forces increase is determined by the
rate of bored piles construction. At placement of one pile a day the pressure on the wall will increase
faster than the rate of clay-cement concrete hardening (Fig. 3). When piles are arranged in 2 stages there
appears the difference between operation conditions of the first-stage piles and the second-stage piles.
The first-stage piles for durable time do not have loads from seepage flow, because it passes between
them. Seepage pressure arises only when space between piles of the first stage is filled by the second-
stage piles. During these several days clay-cement concrete may acquire 50-80 % of its strength. From
the moment of the wall closure the pressure on piles of the first and the second stages starts to grow
intensively (Fig. 3). This process is faster than that during subsequent construction.
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Figure 3. Variation of seepage water levels around a pile

Thus, the first-stage piles will perceive external forces at nearly hardened clay-cement concrete,
but the second-stage piles at non-hardened clay-cement concrete. From the point of view of the stress
state formation the first-stage piles are in worse conditions because at greater stiffness of material the
greater stresses occur. The most dangerous case may be taken into account when seepage load is taken
by a pile at hardened clay-cement concrete.

L At wall construction in 2 stages it was assumed that at each stage 7 pilles are placed.
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The third factor is conditions of perceiving external forces by the dam and foundation. The
peculiarity of considered problem is the fact that the seepage-control wall is constructed in the already
operating dam. Even before the wall construction the dam already took loads from seepage flow,
therefore, with wall arrangement the loads are redistributed, but new ones do not appear. Water pressure
on the wall appears, but pressure on the core upstream face disappears.

This peculiarity is important from the point of view of an earthfill structure behavior. Soils have a
pronounced non-linear character of deformation: the characteristic feature for them is development of
both elastic and plastic deformations. Destressing is mainly characterized by elastic deformations, while
at active loading there are both elastic and plastic deformations. As during construction of the wall in the
dam no new loads appear but the existing ones are redistributed, the considered problem of the structure
SSS should be solved only in elastic-plastic formulation.

The fourth factor is the necessity of considering the change in an earthfil dam state at
development of emergency situation in it. First of all it is necessary to take into account the appearance
of the zones in the dam which were weakened as a result of soil scouring by seepage flow. This may be
considered by increase of their deformation. Secondly, it is necessary to model subsidence of the
structure in emergency situation.

A special calculation procedure was worked out for consideration of subsidence. It was assumed
that the cause of subsidence was not just a simple disturbance of soil structure, but soil failure due to loss
of part of its volume. As the remaining part of soil volume has to take forces previously applied to the
whole volume, it is subject to additional deformations. However, these deformations occur in conditions of
material disturbance and the ormed cavities permit free deformations of soil, full reforming of soil
structure takes place. One can say that subsidence is the process of forming new soil.

Based on this in the analysis it was adopted that in subsidence zones, SSS of soil mass newly
forms. All internal forces previously present in them were minimized to zero and non-balanced by them
external forces formed new SSS of the structure.

Consideration of all the aforementioned peculiarities of SSS formation of the dam with a seepage-
control wall is a rather complicated task. The first approximate solution of this problem was described in
[20]. Full consideration of all the peculiarities became possible due to creation and modernization by M.P.
Sainov of a special computer program NDS-N [21]. For description of elastic-plastic behavior of soil it
uses the soil elastic-plastic model proposed by L.N. Rasskazov [22], and updated by M.P. Sainov.

Numerical model of the structure

SSS analysis was conducted with use of numerical modeling. A numerical model of the structure
based on finite element method was developed for solving this problem. A 25 m high dam section with a
central core of complicated configuration was considered (Fig. 1). In this section the dam is located on
20 m thick soil foundation presented by interlayered pebbles, clays and sands.

The dam cross section and its foundation was divided into 722 finite elements. Out of this number
679 elements modeled the behavior of continuous medium and 43 the behavior of contacts between soils
and the wall clay-cement concrete (Fig. 4). At finite element discretization of the structure the use was
made of high-order finite elements with cubic approximation of displacements inside the element. This
permitted obtaining smooth distribution of stresses inside constructions.
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Figure 4. FEM mesh for the dam design section
Total number of degrees of freedom in the obtained numerical model amounted to 6801.

Conditions of the wall operation required considering in the structure model “the history” of its SSS
formation. There were considered 26 computational steps where at each step the changes of structural
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design of the structure or acting on it external forces were modeled. Computational steps may be
grouped in 5 characteristic stages of the structure operation.

At the first stage the foundation SSS due to its dead weight was modeled. At the second stage the
computational domain SSS formation was modeled for the period of the earthfill dam construction.
Gradual dam construction by horizontal layers was simulated. Twelve moments of time (steps) were
modeled where at each step the dam profile rose upward. At the third stage the dam became a water
retaining structure: reservoir hydrostatic pressure was applied to it. Six moments of time (steps) were
considered where at each step the upstream water level gradually increased.

At the fourth computational stage the modeling was fulfilled of the structure SSS variation at
appearance, development and liquidation in it of the emergency situation. At the first step of this stage
the formation of water permeable zones was modeled: the character of water force action on the
structure changed. Hydrostatic pressure on the core upstream face was replaced by seepage flow forces
(spatially distributed seepage forces and seepage forces distributed on the surface). The second step
modeled the failure itself, i.e. damage of the dam by seepage flow, when intensive seepage led to
disturbance of soil structure and properties. In the structure model the zones were distinguished where
soil subside and have increased deformation. They covered part of the core, transition zones as well as
the sand layer in the dam foundation (Fig. 5b).

V 54,5

Figure 5. Changes in FEM mesh at various stages of computations (fragment)
a —before failure; b — during failure; c — after failure, at dam construction;
1, 2 — water permeable zones and zones of subsidence, 3, 4 — zones of weakened soils

At subsequent four steps of the fourth stage the emergency fill of soils on the dam slopes was
modeled. On the upstream slope the clay fill was simulated, on the downstream slope the filling of filter.
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The fifth stage of calculations modeled the structure operation clay-cement concrete diaphragm.
This stage included computation for two time periods (steps). The first step simulated creation of the wall
and its perception of its dead weight in conditions when clay-cement concrete has not yet hardened. The
second step modeled perception by the wall of its external forces from filtering water. Loads on the wall
were determined from solving the seepage problem. Above the dam toe the water pressure
corresponded to the upstream hydrostatic pressure (Fig. 6). At computations of the second step it was
assumed that by the moment of perceiving the external forces the clay-cement concrete will have already
be hardened.

Deformation characteristics of soils were assumed by analogs with consideration of available data.
Elastic-plastic model of soils was used.

Foundation soils were assumed to be linearly-deformed. Non-rigid characteristics of soils in soil
foundation for the stage of active loading adopted in the calculation are given in Table 2.

At consideration of the dam body soils it was assumed that non-rigid characteristics depend on
their stress and strength state.

Non-rigid characteristics of soils in the zones of subsidence were selected from condition of
matching design dam subsidence values to field values. For soils of transition zones and the core the
deformation moduli became 5 times less as compared to initial values and those of foundation sand were
6 times less.

At the stage after the failure non-rigid characteristics of soils in failure zones were taken with lower
values than those which had been before the failure, because these soils have loose structure.
Deformation modulus of soils was conditionally taken to be equal to half of the value which had been
before the emergency situation.

For all soils the deformation modulus at loosening was taken by an order more than that at active
loading.

In computations the wall material was assumed to be linearly-deformed, elastic, so that it could be
possible to assess its strength state. Deformation modulus of clay-cement concrete was taken equal to
200 MPa, Poisson’s ratio 0.3.

For comparison the calculation was carried out where the wall material was reinforced concrete
with deformation modulus E = 29000 MPa and Poisson’s ratio 0.18.

For the moment of the wall material placement into the pile in the calculation it was assumed that it
had not yet hardened. Its deformation modulus was taken equal to 20 % of the final value and Poisson’s
ratio was 0.45.
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Figure 6. Design curve of seepage pressure on the pile (in m of water column)
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Table 2. Design non-rigid characteristics of foundation soils

Type of sail Deformation modulus, MPa Poisson’s ratio
Pebble with sandy loam filler 15 0.30
Pebble with loam filler 15 0.30
Sandy loam 10 0.40
Loam 8 0.40
Sand 6 0.33

Results and Discussion

By the results of computations the dam has complicated SSS. Before development of emergency
situation the dam SSS was considerably subject to soil foundation deformations. Under the dam dead
weight and hydrostatic pressure on the apron the dam foundation settles and expands in both sides
(Fig. 7, 8). The greatest settlements (56 cm) of foundation occurred under the apron, near the core
(Fig. 8). In this zone the dam settlements also reached the maximum values (60 cm). The core
settlements are more considerable than those of the shells.

Maximum displacements also observed on the boundary between the dam and the foundation
(Fig. 7). Under the upstream shell the settlements are directed toward the upstream side (maximum
14 cm). Under the downstream shell the settlements are directed toward the downstream side (16.3 cm).
Settlements of shells in different directions may have resulted in separation of the apron from the core
and development of a vertical joint at their contact.

By distribution of stresses oy in the dam body (Fig. 10) “suspension” of the core on the shells may
be noticed. In the core foundation the stresses oy did not exceed 0.45 MPa, while in the downstream
transition zone they reached 0.75 MPa. From the upstream side the core suspends weaker, because it
has some inclination toward the upstream side. Deficit of compressive stresses oy in the core could also
cause failure.

By horizontal stresses ox the core also was under compression (Fig. 9), however, their values (up
to 0.2 MPa) were less than water pressure. At development of random cracks the disjoining hydrostatic
pressure could result in hydraulic fracturing of the core especially in the zone of its contact with the apron.

At appearance in the core of water permeable zones the level of compression by stresses ox in the
upstream part of the core decreased actually to 0. Due to hydrostatic effect of water the compressive
stresses oy also decreased.

At modeling the dam failure it was assumed that the subsidence zone covers a part of the core,
both transition zones as well as the sand layer under the dam (Fig. 5b). Figures 11, 12 show design
displacements of the structure at development in it of subsidence zones as a result of soil damage by
seepage flow.

By the results of computations the maximum values of subsidence occurred in the upstream
transition zone (Fig. 12). They amounted to 103 cm. This may be explained by the fact that in this
particular zone the soils were subject to the most intensive scour: water permeable zones appeared in
the core, in the foundation sand layer, in the zone of the apron and the core conjugation (Fig. 1), besides,
the transition zones were damaged. At the crest the design subsidence amounted to 95 cm, which
corresponds to the actual data [14].

The subsidence zone covered all the central part of the dam: the core and the soils surrounding it
(Fig. 12). Presence of subsidence zones led to displacement of the dam crest part toward the upstream
transition zone. The crest tumbles down toward the upstream side. Displacements reached 46 cm. Vice
versa, the weakened lower part of the core displaced toward the downstream side. These displacements
were caused by seepage forces. Maximum displacement amounted to 19 cm.
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Figure 7. Structure horizontal displacements occurred during construction and reservoir filling
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Figure 8. Structure vertical displacements occurred during construction and reservoir filling

—

Scale of stresses o, [MPa]

" |
-0.5 -045 -04 -035 -03 -025 -0.2 -0.15 -0.1 005 O 005 0.1 0.15 02 025

Figure 9. Horizontal stresses oy in the dam body and foundation for the moment of
construction completion and reservoir filling
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Figure 10. Vertical stresses oy in the dam body and foundation for the moment of
construction completion and reservoir filling
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Figure 11. Structure displacements at failure development
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Figure 12. Vertical structure displacements at failure development
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Figure 13. Horizontal stresses oy in the dam body and foundation at the end of failure
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Figure 14. Vertical stresses oy in the dam body and foundation at the end of failure
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Loss by the dam central part of its load bearing capacity resulted in redistribution of stresses in the
dam (Figs. 13, 14). The shells took larger vertical loads; stresses oy in them increased sharply (Fig. 14).
Vice versa, stresses oy in the foundation under the core considerably decreased.

The level of compression in the downstream shell sharply increased also by stresses ox (Fig. 13).
The maximum value of stresses ox amounted to 0.9 MPa. This is connected with transfer of the core
lower part loads to it. By the results of computations, in the upper part of the downstream shell the
vertical spalled joints appeared, which corresponds to the field data [14].

At arrangement of the seepage-control wall the structure SSS slightly changed. Increments in
displacements and stresses in the dam body turned to be small. This is connected with the fact that the
wall accumulated only those horizontal loads which the dam had already taken earlier.

The wall displacement curves are shown in Figures 15, 16. The wall displacement curve has an
irregular shape. Its maximum is in the core lower part, weakened by scour, i.e. approximately in the
middle of the wall height. The clay-cement concrete wall maximum displacement amounted to 10.1 cm.
The wall top and bottom have less displacement: not exceeding 7 cm.

At constructing the reinforced concrete wall the wall displacements become more smooth (Fig. 16),
but generally the wall follows soil deformations. The reinforced concrete wall maximum displacement
amounted to 7.9 cm.

The shape of displacement curve evidences about the wall complicated bending deformations.
Apart from the main bend in maximum displacements the curve also has local bends in the zones of
contact with soils of various properties. In the zone of maximum displacement the wall bend toward the
downstream side.

The wall bend results in irregular distribution of vertical stresses oy in it. The most dangerous part
of the wall is in the zone of maximum bends. In this part the compression level on the upstream face
increases, on the downstream face it decreases. There are two more such sections. All these sections
are confined to failure zones in the core and in the foundation. At the section between the failure zones
the bend tends to the upstream side, therefore, compression occurs on the upstream face.

When the wall is made of clay-cement concrete the impact of bend deformations on values of
stresses oy is weak (Fig. 15): no tensile stresses in the wall occur.

In the wall made of reinforced concrete the characteristic feature is appearance of considerable
tensile stresses (Fig. 16). They are many times more than concrete tensile strength. That is why it is
desirable to use the material with low deformation modulus in order to avoid cracking in the wall.
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Figure 15. Stress-strain state of clay-cement concrete wall:
a — horizontal displacements from seepage forces; b — vertical stresses oy on the upstream face;
c —vertical stresses oy on the downstream face
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Figure 16. Stress-strain state of concrete wall:
a - horizontal displacements from seepage forces; b — vertical stresses oy on the upstream face;
c —vertical stresses oy on the downstream face

The greatest compressive stresses oy appear on the wall foot (Fig.15). These stresses are less
than clay-cement concrete compressive strength, which amounts to 1-2 MPa [18,19]. There is no danger
of compressive strength failure.

Conclusions

1. The problem of stress-strain state of the wall constructed as a new seepage-control element of
failed earhfill dam has a number of peculiarities which complicates its solution. The result of solution to a
great extent depends on consideration of these peculiarities, adequacy of the structure design scheme.
At computations it is necessary to take into account:

— Dam SSS peculiar features before construction of the wall in it,

— Process diagram of the wall construction by method of the «cutoff wall»,
— Variation of loads on the structure from seepage flow,

— Presence of failure zones and soil subsidence in the dam,

— Elastic—plastic character of soils deformation.

2. Solving the problem of the seepage-control wall SSS in a failed eathfill dam requires solving the
seepage problem for determining seepage loads on the structure. Due to the fact that construction of the
wall with separate bored piles is a rather durable process, seepage load on the wall forms durable time. It
may be also assumed that the wall will perceive seepage forces when clay-cement concrete is already
hardened.

3. The peculiar feature of seepage-control wall operation on failed eartfill dam is the fact that earlier
the dam had already perceived horizontal loads and was adapted to their perception. Therefore,
horizontal wall displacements due to seepage load are not large. This is favorable for safety of the wall as
a seepage-control element.

4. The main unfavorable factor complicating operation conditions of the seepage-control wall in the
failed dam is the fact that the soil mass surrounding it has heterogeneous structure and may contain soil
zones with disturbed structure and low strength. Therefore, at perceiving horizontal forces the dam is
subject to complicated bending deformations which may worsen its tensile or compressive strength.

5. For material of the seepage-control wall in the failed dam it is recommended to use plastic clay-
cement concrete, which by deformability is close to the surrounding soil mass with secant modulus of
deformation not exceeding 300 MPa. This permits avoiding appearance of tensile stresses in the wall.
Compressive stresses in the wall will not exceed the clay-cement concrete compressive strength.

6. At solving the considered problem we worked out and used the method accounting at structures
SSS calculations of subsidence of soils subject to scour by seepage flow.
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Geothermal heat pump
in the passive house concept
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Abstract. An actual problem is reducing the cost of engineering systems maintenance of buildings
and constructions. These costs include transportation of energy resources from source to consumer,
complexity of the heating systems, caused by a large amount of equipment, and as a consequence, the
presence of excessive heat losses. One solution is construction of buildings that meet modern energy
efficiency requirements.

A set of parameters that contribute to the implementation of the "Passive House" concept was
considered, including the use of geothermal heat pumps for the heating system as an alternative
production of thermal energy. The main characteristics of the heat pump were established. It was
revealed that the cost of heating and air conditioning will not exceed the maximum. The economic
efficiency of the chosen technical solution was considered. This research has the prospect of further
development.

AHHOTauMAa. AkTyanbHoW npobnemon SBASETCA CHWXeHWe 3aTtpaT Ha obcnyxuBaHue
WHXEHEPHbIX CUCTEM 3[aHui W coopyxeHun. K Takmm 3atpatam OTHOCAT TPaHCMNOPTUPOBKY
3HEepropecypcoB OT UCTOYHMKA K NOTpebuTento, CAOXHOCTb CUCTEM TennocHabxeHus, obycnosneHHas
GonbLUUM KoNMYecTBOM 060PYAOBaHMSA, U Kak CNeACTBME, HanMume U3NUWHMX Tennosbix notepb. OgHuM
M3 peleHun SBNAeTCs CTPOUTENbCTBO 34aHWK, COOTBETCTBYHLUMX COBPEMEHHbIM TpeboBaHMAM
3HeproapeKTNBHOCTH.

Bbin  paccMOTpeH KOMMMEKC napaMeTpoB, KOTOpble CMOCOOCTBYIOT peanu3aumu  KOHLEenumu
«MaccvBHbIi gom». B TOM uncne npuMeHeHue reoTepMarnbHbiX TEMMOBbIX HACOCOB B KavecTBe
anbTepHATMBHOrO NPOM3BOACTBA TEMMOBOW 3HEPrMM Ansi CUCTEMbl TEMNOCHAGXeHWs. YCTaHOBMEHbI
OCHOBHblE XapaKTEPUCTWKU [ANsi TEennoBOro Hacoca. BbisiBNeHo, 4To 3aTpaTbl Ha OTOMMEHWe U
KOHAMLUMOHUpOBaHUE He OyayT MpeBblllaTb YCTAHOBMEHHLIN MakcMyM. PaccMoTpeHa 3KOHOMUYeckas
3(hHEKTUBHOCTL BbLIGPAHHOrO TEXHWYECKOro pelleHusi. [laHHoe wccrnefoBaHWe WMeeT MNepcrnekTUBy
JAanbHenLero passuTus.

Introduction

Implementation of energy efficiency measures can significantly reduce the amount of energy
consumption and the cost of payment for utility services. Energy saving effect is achieved through the
sum of architectural, construction and engineering solutions aimed at energy savings [1-6].

At the stage of architectural, constructive and engineering design energy efficiency is achieved by:

Kostenko V.A., Gafiyatullina N.M., Semchuk A.A., Kukolev M.I. Geothermal heat pump in the passive house
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e reduction of the outer shell specific area per unit volume is achieved by the most compact
space layout;

e targeted selection of the object shape and orientation in view of the energy field properties of
renewable sources;

¢ increase of external cladding thermal properties through the use of efficient thermal insulation
materials;

e capacity control of combined extract-and-input systems in accordance with the required air
exchange in the attended rooms and as a consequence avoiding of heat overspending in
ventilation systems heaters;

¢ installation of the system of automatic electronic control of the internal building temperature;

o the use of alternative sources of energy for building heat supply.

An indicator of energy efficiency of the object is the number of heat energy consumption per
square meter (kW-h/m2) during the year or the heating season [3, 11, 12]. On average, it amounts to 70—
140 kW-h/m2 for buildings constructed after 2015 [7]. Passive House is a building, where this indicator
does not exceed 15 kW-h/m2 [8, 9]. This criterion is achieved through intelligent design and
implementation of the 5 Passive House principles: proper shape of the building, thermal bridge free
design, good insulation of the building outer shell, combined extract-and-input ventilation system with
heat recovery, alternative energy sources. Buildings complying with the Passive House standard [8] are
rapidly spreading across Germany, Austria and Switzerland. In Germany, the current growth rate of
buildings complying with the Passive House standard amounts to 100 %, and in January 2004, more than
4000 dwelling units (equivalent to about 100 m? each) had been built.

To significantly reduce the ever-increasing demand for energy, it is necessary to use different
approaches that limit its consumption. It is necessary to reduce heat losses, as well as to organize a
more economical method of producing energy, for example, from renewable energy sources. Only a
combination of several solutions can give a rational economy.

The aim of this study is to determine the possibility of applying heat pumps in the design of Passive
House in the given climatic and geographical conditions.

To achieve this goal, it is necessary to solve the following objectives:

1. Determine the optimal location in the space of a given geographical position.
2. Develop architectural planning and design solutions.

3. Propose technical solutions to reduce energy consumption.

4. Perform a feasibility study of the selected technical solutions.

Methods

The object of the research is a two-story 7-apartment townhouse for year-round use. The projected
building is located in the Vyborg district of the Leningrad region, on the shore of Glubokoye Lake. The
terrain of the area is particularly distinguished by the presence of hilly and granite rocks in the ground.
The advantage of the chosen type of structure is a decrease in the number of external walls and vertical
distribution of rooms, thereby area of the roof is reduced.

Calculate the compactness coefficient:

ASUm
K¢ =——, 1)
“V
H
Asum
where " *H —sum of the building envelope areas, m?;

VH — heated volume of the building, m3.

In this case, the compactness coefficient is 0.61, which corresponds to the norm for the two-storey
slab blocks [10].

Orientation of the glazed facade is directed to the southwest party that will favorably influence
natural lighting and inflow of heat from solar radiation [3, 4].

As in most European countries with high requirements to the level of thermal protection of building
envelopes, it is planned to apply frame technology in the projected building. To meet requirements
imposed on Passive House it is necessary to choose the optimum thickness of insulation. Through the
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use of the most effective insulation thickness of the walls of frame buildings is the lowest in comparison
with similar (wood and stone) [11]. In this case to use the product from innovative heat-insulating material
is offered — cellulose wool, the thermal conductivity is equal to 0.04 W/m-K.

Installation of an Air Handling Unit with recuperation will help to achieve comfortable microclimate.
This system purifies and humidifies air, which is essential in the city conditions [8, 18].

For Heat Losses calculation through enclosure it's very convenient to use the value inverse to the
reduced total thermal resistance, which in International Standards is called heat-transfer coefficient or U-
value.

It is convenience is encompassed in its dimension: W/m?2-°C.

The value given shows which amount of heat energy goes through enclosure with the area 1 m2
under the internal and external temperature difference of 1 °C from both the sides of enclosure. For heat
calculation amount (kW-h) going through 1 m2 of an external wall, U-value must be multiplied by the
amount of heating period hours and middle temperature difference of a heating period. This data is
defined for every climatic region in standard [12]. Finally, we get summary heat energy losses through
1 m2 of exterior wall with the value of heat-transfer coefficient equal to U = 0.4 W/m2-°C:

U-(t,,-t,)-z,-24
—_ y 2
Q 1000 @

where tin — inner temperature of air in a room, taken according to standard [13] equal to 20 °C;

th — middle temperature of outer air for a heating period, taken for climate conditions of the
Leningrad Region according to standard [12] equal to minus 2.9 °C;

zn — the amount of days in a heating period, taken for Civil Engineering, located on the territory of
the Leningrad Region — 228 days;

24 — the number of hours in a day;
1000 — conversion coefficient of heat transfer capacity (from W into kW).

Thus, using the formula (2) we can calculate average heat losses for a heating period for 1 m2, in
kW-h.

Let's note that the relation (tin 'th) “Zh i the formula (2) means heating degree days (GSOP)
[14]. For residential building, located on the territory of the Leningrad Region GSOP = 5221 °C days.
Thus, formula (2) will take a more shortened form:

Q =0.024-U-GSOP ()

Thus, we have defined the amount of heat losses Q =50.1 kW-h/m2=43.1 Mcal/m2, which
corresponds to a normal level of unit heat energy consumption on heating and ventilation systems of 2—3
storey connected buildings constructed after 2015 for a heating period, qo,year = 75 Mcal/m?2.

Knowing useful floor area, we can calculate heat consumption of a building during a year:
Q =50123.5 kW-h = 43098.5 Mcal.

According to the Il law of thermostatics, transmition of heat capacity in a pump is offset by the work
of compressor (Michaelson scheme). For the work of heat pump having cooling source with the
thermostat (with the constant temperature) is essential [16—24].

In rock soils (with the coefficient A = 1...3 W/(m-K)) where the object of our research is located, the
adiabatic conditions are executed and the thermal regulation of layers is held. In other words, for getting
necessary heat output in this soil deep drilling is essential that will lead to high expenses.

Taking into account that in 20 meters zone from site development Glubokoe Lake is located, using
pump taking heat from the outer water basin of an unlimited volume (such as lake) is more rational

(Fig. 1).
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The excess of cooling coefficient over 1 shows that by means of relatively high g2 and low In we
can get maximum increment of refrigeration efficiency.

It's known that 1 meter of a heat pump tube located on the bottom of a lake gives 50 W of heat
energy. Let’s calculate the parameters of a heat exchanger with account of 20 meters distance.

Heat transmission equation has the following form:
Q =k-At-Ata, (5)
where k — heat transmission coefficient;
At — temperature pressure;
Ata — surface area of a heat exchanger.

Calculations show that the surface of heat exchange, formed by tube sheet with the length of
5...10 m, filled with Freon gas (saturation temperature of which is minus 50°C) might have the outer
diameter equal to 8 mm.

Out of economic considerations, there are two regimes of functioning: one is heat source in winter
and another one is cold in summer. It is also used for water heating in DHW system [24-28]. So there is
an economy in three directions: heat supply, pre-heating and air-cooling of ventilation air-conditioning
systems, heating of water for DHW.

Methods of calculating capital costs for additional insulation, operating costs before and after
thermal insulation, as well as the payback period of energy-saving measures are described in detail in the
works [29—-33]. To determine the simple payback, the following basic equation was obtained:

AC
T=—, (6)
AE

where AC — capital expenditures, rub.;

AE — economic effect achieved as a result of energy saving measures, rub./year:
AE=>"Q-c,, ©)

where cr — the rate for the calculation of the amount of payment for utility services with VAT in St.
Petersburg for 2016 according to the data of the St. Petersburg Administration official website [34],
rub./Gcal.

Capital costs for the heat pump installation (taking into account the energy consumed by the heat
pump) amount to 4 696 380 rub.
Kocrenko B.A., Tapusarymmura H.M., Cemuyk A.A., Kykomes M.U. T'eotepmanbHBI TeTioBOil Hacoc B
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The economic effect amount to 126 663 rub. per year.

Heat tariffs increase annually. This means that the annual cost savings will increase with each
subsequent year (heating period).

Taking into account the above-mentioned factors, the projected payback period of investment in
additional facades insulation is determined by a logarithmic equation [19-24]:

AC (r—i)

_ ln[1+ﬁ.(1+i) ®)
In [ﬂ ’

1+

where r — coefficient characterizing the average annual growth of thermal energy tariffs;

i — coefficient of future cash flows discounted at the key rate of the Central Bank of the Russian
Federation.

Equation (8) allows to calculate the payback period (T) of energy-saving measures, taking into
account the total capital expenditure for its implementation (AC), the rising cost of tariffs for thermal
energy (r), discounting future cash flows (i), achieved by cost-cutting as a result of the implementation of
energy-saving measures.

It should be noted that several time-dependent parameters includes in the equation (8): the
dynamics of tariff raising for thermal energy (r) and interest rate (i), by which discounted future cash flows
is estimated, accumulated as a result of the introduction of energy-saving measures. At the present time
it is impossible to clearly know how these variable parameters will change over time in the future.
Therefore, to solve the problem of estimating the projected payback period of investment in energy
efficiency magnitude r was adopted of the average over the last 5 years — 16 %, and the value i — as of
2016 — 11 %.

In this case the payback period of investment will amount to 23 years.

Results and Discussion
The result of the research is the Passive House project. The following architectural, construction
and engineering solutions aimed at energy savings were given:

— vertical distribution of internal rooms and reduction of the roof area. Compactness coefficient is
0.61;

— orientation of the glazed facade to the southwest, in accordance with the solar insolation;

— application of innovative thermal insulation material Cellulose Fibre as insulation of the building
envelope;

— installation of the combined extract-and-input system with heat recovery;

— installation of the geothermal heat pump with two modes of operation: the source of cold in the
winter and heat in the summer.

Energy-saving effect can be achieved only when all of these technical solutions are used together.

Numerous studies [1-11, 16-33] carried out in different countries of the world showed the prospect
of development in the energy efficiency industry. Broad experience was gained in performing parametric
evaluations and successfully developing appropriate passive solutions for different climates. The leading
authority in the field is the Darmstadt Passivhaus Institut founded in 1996 as an independent research
institution employing physicists, mathematicians and civil, mechanical and environmental engineers.
Another important research center is at Fraunhofer Institute for Solar Energy in Freiburg.

Conclusions
In this paper, we give details about a project devoted to investigate in what extend renewable
energy is useful for energy supply (i.e. heating, cooling and domestic hot water) in terms of technical
feasibility and in terms of thermal comfort of passive houses.

A two-story 7-apartment townhouse was accepted for Passive House project. A simple ideal model
is adopted for the subsoil heat exchanger. Based on the foregoing, it can be argued that the aim to
determine the possibility of using geothermal heat pump in the Passive House has been achieved. Our
results show that Pirmasens Passive House heating is necessary during November—March, with January
requiring the highest level of heating. The yearly relative total thermal load is 10.2 kWh/mZ2, which is
below the limit of 15 kwh/m? allowed by passive house requirements. The conducted feasibility study
showed that the payback period is less than 23 years old.
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Moisture sorption models for wood
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Abstract. While making calculations for non-steady heat-and-moisture exchange processes in
building envelope constructions it is necessary to consider moisture sorption isotherms of the materials in
use. Fifteen aqueous vapor sorption models have been analyzed in order to select the simplest one that
represents conventional equilibrium wood moisture values in the most accurate way. Hailwood-Horrobin
and Peleg modified equations with three and four empirical constants respectively are the most suitable
ones for description. When selecting models for calculations in a climatically defined range of air
temperature and relative humidity values, these equations might be in preference to others. The
dependence of the constants in these equations on the ambient air temperature have been calculated.

AHHOTaumsA. Npu pacyeTax HecTauMOHApHbLIX MNPOLLECCOB TEMSOBMAronepeHoca B orpaxgaroLLmx
KOHCTPYKUMAX 30aHWA  HeobxoAMMO 3HaHWe W30TepM COPOLIMOHHOW  BIAXXHOCTM  MaTepuaros.
MaTHaguaTe Moaenen copbuum NapoB BoAbl MPOAHaNM3NpoBaHbl C No3uumm Belibopa Hanboree NpocTon
N TOYHO OMUCHLIBAKOLWEN MPUHATLIE B WHXEHEPHOW MpaKTUKe 3HayeHuUs PaBHOBECHOMW BMAXHOCTU
OpeBecuHbl. [MepcnekTUBHLIMW AN ONUCaHUA U30TEepM copbuum Npu  pas3nUyHbIX TemnepaTtypax
ABNATCA  MoauduumpoBaHHble ypaBHeHus Hailwood-Horrobin ¢ Tpemsa u Peleg ¢ uyeTbipbMs
3MNUPUYECKUMM KOHCTaHTamu. Mpu Bbibope Moaenen AN YMCMEHHbIX PacyeToB 3TU YpaBHEHUS MOTyT
UMETb MPUOPUTETHOE 3HAYEHME B AMana3oHe MpUPOAHO-KNMMATUYECKMX TeMnepaTypHO-BMaXXHOCTHBIX
BapuaLuMi HapyXHoro Bo3gyxa. PaccumTaHbl 3aBMCMMOCTU KOHCTAHT 3TUX YpaBHEHWIA OT Temnepartypbl
oKpyXatoLlero Bo3ayxa.

Introduction

The way moisture affects construction materials is thoroughly studied. In most dense construction
materials, e.g. cement concrete and mortar, high moisture content at positive temperatures leads to
cement hydration, which results in increased hardness and density of the material due to pore
colmatation with hydration products and surface carbonation.

In highly porous thermal insulation materials high moisture content increases thermal conductivity,
which leads to increased heat loss through building envelope constructions.

In case the thermal conductivity factor that depends on moisture sorption of materials and
corresponds with usage conditions A or B according to Construction Regulations SP 50.13330.2012
“Thermal protection of buildings. Updated edition. Construction Norms and Regulations SNiP 23-02-
2003” is used in thermotechnical calculations, construction materials are often overused. Calculation
results with regard to material moisture content depending on air temperature and relative humidity in the
climatic conditions of Krasnodar, Russia, published in Paper [1] showcase that the reduced total thermal
resistance value exceeds the normatively calculated value by 26, 15 and 16 percent for single-layer walls
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built of foamed concrete, keramzit concrete and keramzit-perlite concrete respectively. When a triple-
layer wall panel was calculated for Moscow climatic conditions, this value was overstated by 29 %.

The author states that a higher accuracy of calculations and a lower consumption of construction
materials can be achieved by taking into account the dependence of moisture sorption and thermal
conductivity of construction materials on temperature when calculating heat and mass transfer values
through building envelope constructions and their reduced total thermal resistance.

The article [2] presents the results of comparison between the working moisture content of various
construction material samples and the moisture sorption of the same samples at 80 and 97 % relative air
humidity. For instance, the working moisture content of a foamed polystyrene sample taken from a
construction in Novosibirsk, Russia (usage conditions A) appeared to be almost 60 times higher than the
moisture sorption (80 %). For a brick sample from Moscow it was 4 and 10 times higher. The article
states that the thermotechnical characteristics of various materials determined by existing construction
rules and regulations are outdated. Moreover, there are no such values determined for newer types of
materials. The authors of the article suggest that the working moisture content of construction materials
be calculated using a non-steady method according to Russian State Standard GOST 32494-2013
“Buildings and Constructions. Mathematical modeling of heat-and-moisture processes for building
envelope constructions” with further data correction according to the results of field tests. The accuracy of
such method is proved in Paper [3]. The above paper compares the results of calculations with the
results of field tests determining working moisture content of mineral wool and foamed polystyrene in
Saint-Petersburg, Russia and Novosibirsk. The difference between calculations and test results does not
exceed 15%.

Nowadays, wooden house-building is rapidly gaining popularity in European countries. The
increased use of wooden constructions made of materials from renewable sources benefits sustainable
development. Wooden buildings are in great request because they are built of materials from renewable
sources and hence are environmentally friendly. Wooden multi-story buildings are successfully built and
used abroad [4].

According to the standard STO 00044807-001-2006 “Heat-protective characteristics of building
envelope constructions” developed by the Russian Construction Engineering Association (ROIS), the
estimated physical decay period of wooden buildings is 90 years.

Unlike most constriction materials, wood is known for its increased moisture sorption and decay
tendency. Moreover, wood is an anisotropic material, which means its thermal conductivity and vapor
permeability along the grain are respectively 2 and 5 times higher than across the grain. Thus, it is
extremely important to consider the moisture sorption and thermal conductivity dependence on
temperature when making calculations for heat and mass transfer processes through building envelope
constructions and also to calculate the working sorption content for wooden constructions.

For porous materials the equilibrium moisture content depends on air temperature and humidity.
The purpose of this work is to select a simple yet accurate mathematical model describing the published
results of equilibrium moisture content and thermal conductivity experiments with wooden and composite
constructions for numerical modeling in the range of air temperature and humidity values typical for a
certain climate. This work is not aimed at studying physicochemical processes caused by vapor sorption
and desorption. Physico-chemical aspects of wood adsorption along with existing theories on the subject
were thoroughly studied in papers [5], [6] by B.S. Chudinov, E.A. Kolosovskaya and S.R. Loskutov.

Methods

According to the classification suggested in Paper [7], there are five types of sorption isotherms.

The International Union of Pure and Applied Chemistry (IUPAC) distinguishes between six types of
adsorption [8] illustrated in Figure 1.

Hasupos P.A., Bepxosen C.B., UmxyroB U.C., baxxenos P.B., Tapacos 1.B. Monenu copOLMOHHOM BIaKHOCTH
JpeBecunbl // IHXKeHEpHO-CTPOUTENbHBIH kypHai. 2016. Ne 8(68). C. 26-36.

27



Magazine of Civil Engineering, No. 8, 2016

28

I o
8
\

m r s

o

]

=

2 8

=

(]

g

a3 | »

g o

<

Relative pressure ——»

Figure 1. Isotherm types [8]

Isotherm | illustrates monolayer adsorption typical of materials with well-developed inner structures
and relatively small surface areas, such as activated charcoal, zeolites and molecular sieves. In this case
the limits of adsorption are defined by the micropore volume.

Isotherm |l illustrates multilayer monomolecular adsorption in non-porous or coarse-porous
adsorbents in conditions of strong interaction between the adsorbate and the adsorbent with a
distinguished bending point. It is assumed that this point is where the formation of the monolayer finishes
and next layers of the adsorbate start forming.

Isotherm Il illustrates adsorption in hon-porous or coarse-porous adsorbents in conditions of weak
interaction between the adsorbate and the adsorbent. This isotherm is bent towards the partial pressure
axis and does not have a distinguished or indistinct bending point.

Isotherm IV characterizes adsorption in conditions of strong interaction between the adsorbate and
the adsorbent (type Il) when the hysteresis effect takes place. In contrast to the type Il, the limit
mesopore capillary condensation in the higher range of partial pressure values of the adsorbed gas is
distinguished in this case. This isotherm illustrates the adsorption in a hydrophilic material that is swelling
to the limit state [9]. This is a typical case for industrial adsorbents.

Isotherm V illustrates adsorption with the hysteresis effect in conditions of weak interaction
between the adsorbate and the adsorbent when the limit mesopore capillary condensation in the higher
range of partial pressure values of the adsorbed gas is distinguished. Such isotherms are typical for
aqueous vapor adsorption by coal.

Isotherm VI characterizes stepwise multilayer adsorption, in which case the height of steps
depends on the temperature and the adsorbate-adsorbent system.

Water sorption in most construction materials, including wood, is characterized by Isotherm I
(Fig. 2).
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Figure 2. Sorption in wood. Isotherm diagram with areas marked

In Paper [10] the physical sorption mechanism is described in the following way. There are three
areas distinguished on the sorption curve. Area 1 of the sorption isotherm illustrates the way the Van der
Waals force affects water molecules. Water molecules adsorption continues until the monolayer covering
the external cell wall surface forms. At this moment, the water stays in the solid state due to chemical
bonds. This area flows to Area 2 when the first layer becomes saturated. At this stage the water
molecules adsorption in the first layer takes place which creates the second layer. In this area the
isotherm is linear. In Area 3 there might be liquid water in wood capillaries. Supposing that the adsorbed
water covers the cell walls evenly in the transition zone between Areas 2 and 3, the thickness of the layer
becomes sufficient for liquid water generation in the pores as the result of capillary condensation. Thus,
the microcapillary water forms a continuous phase.

Sorption isotherm equations. Langmuir adsorption isotherm equation (1) assumes that the
aqueous vapor condensates as a monolayer and is basic for models considering the adsorption of two or
more layers (BET, GAB, H-H, Dent models).

_C@rwy
W= cre+1 @
BET equation was first suggested by Brunauer, Emmet and Teller [11].
WO *Cr q.)
W =
1-¢)-A+C-1)-9) (2)

BET (2) is the most commonly used equation and is fundamental for multilayer sorption isotherms
interpretation. In this equation, w is the equilibrium moisture content of the material (kg/kg of dry
material); w, is water content in the monolayer adsorbed by dry adsorbent (kg of water/kg of dry
substance); ¢ stands for relative air humidity (water activity), c is the adsorption heat constant related to
the sorption heat difference between the first and the following layers.

BET equation is used in the 0.05-0.45 air humidity range. BET equation is used for surface area
definition. In general, with an arbitrary number of layers (n) the BET theory leads to the following equation
[9], [10]:

_worcr@ (I—=(n+1)-¢@"+n- ") @)
S 1-¢ (I+(c—1)r@—c o™
In the monolayer case (n=1), equation (3) transforms into the Langmuire equation (1).
Hailwood-Horrobin model (H-H) [12]:
W=1800_ K- ¢ nit(K-@) Ky K, K @

Mp [1-K-@ 1+3Y%,(K-@)-K; K,..K;
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For a monomolecular adsorbed water layer this is written in Paper [13] as:

1800 Kz'(p Kl'Kz'(p
w=t | | (5)
MP 1_K2'(p 1+K1'K2'(p
For two monomolecular layers (n=2) this is written in Paper [14] as:
1800 [ K- Ki K @+2-K; K, K2 ? 5
WEM, [T-K- @ 1+K, K- @+K K, K2-@? ©)

The effect of temperature on w is taken into account by the functionality of each equation member
described by quadric polynomials:

Mp =349 + 1.29- T + 0.0135 - T?
K = 0.805 + 0.000736 - T — 0.00000273 - T?
K, = 6.27 — 0.00938 - T — 0.000303 - T?
K, = 1.91 4+ 0.0407 - T — 0.000293 - T2

In equations (3-6), W stands for material moisture content (%); « is relative air humidity (%); 1800
is the molecular weight of water multiplied by 100 (gram/mol); M is the molecular weight of the hydrate-
forming polymer (gram/mol); n is the number of adsorbed molecular layers; K; is the equilibrium
constants between free and bound water in the wood; T stands for temperature (°C).

The formulas for K, K; un Mp factors calculation are given in Paper [6], equation (5).

Guggenheim-Anderson-de Boer model (GAB) is the result of BET theory development. It is
described as

_ wo-K-c-o
T (A-K-@)(1-K@+K-c )

Factors ¢ and K are sorption constants related to the interaction energy between the first layer of
adsorbed molecules and the following layers in the place of sorption:

I—IO_Hn

w

()

c=c0-exp[ T (8)
H,—H
K= kO T exp [?l], 9)

where ¢, ko, are entropy accommodation factors; Hy, H, and H; stand for the enthalpy of monolayer in
the following layers and the liquid respectively. GAB model describes moisture sorption of materials in a
wide range of relative air humidity values. Due to K factor in the equation it is possible to describe stages
of aqueous vapor adsorption following the monomolecular stage up to the stage of liquid phase formation
in the material pores. When K = 1 the equation transforms into BET equation [15].

Dent theory equation [16]:

_ b; b - % - wy by -wo @
w = (20)
(I-=b)-(I—=big+by-@) 1—by-@-bi-¢
Models HH and Dent can be reduced to the form (11).
_ ¢
VT Bo+AQ? (11)
Factors C, B and A in Equation (11) are calculated by the following formulas:
C = ! 12
B WO " bl ( )
b1 - 2 " bi
B=———
WO " bl (13)
b? — b, - b;
=— 14
A== (14)
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For GAB model (7):

B:Wio-(1—§) (17)
)

Constants b,, b;,wo, K and ¢ can be calculated by solving the respective sets of equations.
Constants A, B, C are calculated by empirical data approximation by means of Equation (11).

Even though the semi-empirical model [17, 18] does not have a fundamental theoretical basis, it
describes sorption in the same or even a better way than other models above:

w=a- ¢’ +c-¢p? (19)
In the formula (19) a, b<1, c n d>1 are empirical constants.

In order to calculate the equilibrium moisture content of wood the following formulas [19] are used

at ¢ < 0.5:
W=a.[b_(1im)2]H.w.[d_(lg_o)z] (20)

At05 < <1:

a T \?
W=b_¢'[0‘(m> ] (1)
Factors a, b u ¢ in formulas (19) and (20) have different numerical values.

Construction materials laboratory of Danish Technology University has published a list of moisture
sorption values for a wide range of materials (including different species of wood and other construction
materials), where the processes of adsorption and desorption are approximated by one equation [20] with
different values of empirical constants n, A and w,, for forward and the backward process:

W= Wi eXp [(‘ %) In(~ lngp))] 22)

where w,, stands for the maximum moisture content value.

The crucial meaning of moisture sorption for construction engineering is pointed out in dissertation
works by V.G. Gagarin [21] and LY. Kiselyov [22]. In Paper [1] the moisture sorption capacity is
calculated of construction materials is calculated by the following formula:

ag - exp(b, - T)1%xPerT

w(p,T)=(a,,"T+b [ (23)
N Y S
where w is moisture sorption capacity (kg/kg); ¢ is relative air humidity (Pa/Pa); T stands for
temperature (K); a,, a,,, a,, by, by, b, are empirical constants.
The numerical values of empirical constants for some constructions materials are given in this
paper.
For calculations with a fewer number of empirical factors the formula (22) can be presented in a
more compact form without the first multiplier:
1
. .<_ L)q

v= pc—p+1

or:
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1
a q
e (w0 (25)
pc—p+1
Oswin empirical model [23]:
_a )
W_A[l_A (26)

With regard to ambient air temperature:

1

w =b,+a, T): [%]q (27)

This is used at ¢ < 0,5.
Approximation quality evaluation method

In order to evaluate the approximation quality of equilibrium water content value w depending on

relative air humidity ¢, the following determination coefficient value was used:
s _ ST 28)
n V.)2
i:1(Yi - Yl)

where Y; is the equilibrium moisture content of wood at different temperature and relative air humidity
levels (Table 1).Y; is the average equilibrium moisture content; ¥; stands for the values calculated by the
above mathematical modeling formulas. The closer to 1 R? is, the higher the quality of a certain model is
rated. Y; values at different temperatures are listed in the Table 1 (taken from Paper [14]).

Table 1. Equilibrium moisture content of wood [14]

Moisture content of wood, w (kg/kg) at the following temperatures
Relative air humidity, ¢

-1.1°C 21.1°C 43.3 °C
0.05 0.014 0.013 0.011
0.1 0.026 0.026 0.022
0.15 0.037 0.035 0.032
0.2 0.046 0.045 0.04
0.25 0.055 0.054 0.049
0.3 0.063 0.062 0.056
0.35 0.071 0.069 0.063
0.4 0.079 0.077 0.07
0.45 0.087 0.085 0.077
0.5 0.095 0.092 0.084
0.55 0.104 0.101 0.092
0.6 0.113 0.11 0.1
0.65 0.124 0.12 0.11
0.7 0.135 0.131 0.12
0.75 0.149 0.144 0.132
0.8 0.165 0.16 0.146
0.85 0.185 0.179 0.166
0.9 0.21 0.205 0.191
0.95 0.243 0.239 0.224

32

Results and Discussion

R? determination factor values describing data approximation for wood at different temperatures
(the data taken from [14]) along with humerical values of the respective empirical factors are listed in the
Table 2.
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Table 2. Results of factors calculations in aqueous vapor adsorption equations for wood

Calculation results at the following temperatures

Sorption | APproximation -1.1°C 21.1°C 43.3°C
model range Determina Factors Determina Factors Determina Factors
-tion values -tion values -tion values
factor R? factor R? factor R?
) ¢=0.05...0.35 0.9993 Wo=0.062 0.9986 wo=0.061 0.9985 wo=0,058
¢c=5.65 ¢=5.50 c=4.92
W=245.833 W=258.602 W=287.775
() ¢=0.05...0.95 0.9998 K=0.750818 0.9996 K=0.7586 0.9995 K=0.7702
K1=5.6847 K1=6.0057 K1=5.8551
W=348.939 W=380.645 W=430.626
(6) ¢=0.05...0.95 0.99999 K=0.8046 0.99998 K=0.8186 0.99998 K=0.8318
K1=6.3287 K1=6.1195 K1=5.4087
K»>=1.8891 K2=2.5410 K>=3.0489
w,=0.073 w,=0.0696 w,=0.0625
@) ¢=0.05...0.95 0.9998 c=6.68 0.9996 c=7.01 0.9995 c=6.855
K=0.751 K=0.759 K=0.770
Wwo=0.07322 wo=0.06961 wo=0.02549
(10) ¢=0.05...0.95 0.9998 b1=5.019 0.9996 b1=5.3146 0.9995 b1=5.2795
bi=0.75018 bi=0.7586 bi=0.770169
C=2.72 C=2.70 C=3.03
(11) ¢=0.05...0.95 0.9998 B=9.57 0.9996 B=10.265 0.9995 B=11.32
A=-8.72 A=-9.34 A=-10.517
a=0.163321 a=0.160191 a=0.148004
(19) ¢=0.05...0.95 0.99996 b=0.793330 0.99994 b=0.797828 0.99993 b=0.816586
¢=0.119675 c=0.121444 ¢=0.118465
d=6.489193 d=6.988122 d=7.26708
a=0.020 a=-0.0202 a=-0.00056
(20) ¢=0.05...0.5 0.9975 b=7.851 0.9968 b=8.229 0.9967 b=-2.1318
c=-0.0813 c=-0.013 ¢=-0.06992
d=5.241 d=-4.547 d=12.281
a=0.051 a=0.00145 =-0.1112
(21) ¢=0.5...1.0 0.9994 b=1.254 0.9996 b=1.246 0.9997 b=1.231
c=8.088 c=8.679 c=8.254
n=0.824 n=0.864 n=0.884
(22) 9=0.05...0.95 0.9975 A=0.491 0.9970 A=0.444 0.9967 A=0.403
Winax=0.27 Winax=0.264 Winax=0.25
am=0.0141 am=0.0131 am=0.0142
bm=-0.5433 bm=0.9398 bm=1.16
(23) ¢=0.2...0.95 0.9721 a,=0.019 0.9749 a.=0.0135 0.9766 a.=0.0129
ba=0.0122 ba=0.01126 ba=0.0101
a:=0.0187 a:=0.0141 a:=0.0154
b=0.0112 b=0.0113 b=0.0104
w, =0.131 w, =0.093 w, =0.062
(24) ¢=0.2...0.95 0.9987 c=2.32 0.9988 c=2.55 0.9988 c=2.57
a=2075,41 a=7057,58 a=23583,6
1/9=0.229 1/9=0.243 1/9=0.256
c=2.32 c=2.55 c=2.57
(25) ¢=0.2...0.95 0.9987 a=0.000126 0.9988 a=0.000166 0.9988 a=0.000172
1/9=0.229 1/q=0.243 1/9=0.256
(26) ¢=0.05...0.95 0.9846 A=0.0929 0.9860 A=0.0901 0.9869 A=0.0822
B=0.358 B=0.361 B=0.369
am=175.83 am=-24.247 am=434
27) ¢=0.05...0.95 0.9846 bm=-47836 0.9860 bm=-7134.7 0.9869 bm=-13792
1/g=0.358 1/g=0.357 1/g=0.333

It is clear from the table that formulas (11) and (19) ensure the most accurate approximation (with

the exception of Equation (6) which is the basis for the table in [14] and the Table 1).
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As well as in Equation (6), the dependence of equilibrium moisture content on temperature in
equations (11) and (19) is taken into account by considering the dependence of equation factors on
temperature. For Equation (11):

A=-559-10"*-T2-0.0169-T — 8.74 (29)
B =3.69-10"*-T2+0.0239-T + 9.60 (30)
C=348-10"*-T?-7.77-1073-T + 2.71 (31)

For Equation (19):
a=-0923-10"%-T2 +4.50-1075- T + 0.163 (32)
b=145-10"5-T2 -8.72-1075-T + 0.793 (33)
c=-05-10">-20.0-10">-T + 0.1199 (34)
d=-223-10"5-T? +0.0264 - T + 6.52 (35)

Figure 3 vividly illustrates the proximity of the calculated data when the dependence of empirical
factors on temperature is taken into account.
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Figure 3. Calculation results comparison at the temperature of -1.1°C
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—values published in [14]; —values calculated by Equation (11);

* > _values calculated by Equation (19)

Conclusions

A good level of sorption isotherm approximation at a constant temperature can be achieved using
equations with three or four empirical constants for selection. The temperature dependence of sorption
isotherm on -1.1° C to 43.3° C with minimum possible coefficient of determination of R2 = 0.9995 can
be considered by defining the dependence of empirical constants on temperature. Such accuracy is quite
sufficient for the majority of practical engineering calculations. It is important to note that the high
accuracy of factors selection for empiric and semi-empiric models in the form of rational function or in the
form of the sum of two exponential functions with positive real numbers, such as modified equations of
Hailwood-Horrobin (11) and Peleg (19), does not ensure the same accuracy when approximating
experimental results for other materials that might not be error-free. However, when selecting models for
calculations in a climatically defined range of air temperature and relative humidity values, these
functions with minimum amount of empirical constants might be in preference to others.
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Main inorganic ions and electric conductivity of
polluted urban streams
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Abstract. Concentrations of main inorganic ions were determined in waters of city streams
affected by domestic and industrial wastewaters — the Okhta and the Murinsky creek in St. Petersburg. It
was shown that pollution of streams led to increasing of molar fraction for sodium ion and chlorides,
decreasing of molar fraction of magnesium, calcium, sulfates and hydrocarbonates. These changes took
place while electric conductivity of waters was increasing. Positive correlation coefficients (from 0.35 to
0.63) were found between molar fraction of sodium and parameters connected with wastewater
pollutants: total nitrogen (TN), ratio of TN to TOC (total organic carbon), ratio of protein-like fluorescence
(excitation at 230 or 270 nm, emission at 350 nm) to humic-like fluorescence (excitation at 230 or
270 nm, emission at 420 nm). The obtained results show that electric conductivity can be applied as an
express-method for environmental monitoring in the studied streams. Additional use of ions molar
fractions for such purpose is also possible.

AHHoTauusa. OnpeferneHbl KOHLEHTpauun rnaBHbIX HEOpraHM4Yeckux MOHOB B BoAde peku OXTbl n
MypuHckoro pydbsi — BogoTokoB CaHkT-lleTepbypra, 3arpsi3HEHHbIX ObITOBbIMW M MPOMbILLSIEHHBIMUA
CTOYHbIMY Bogamu. [NokasaHo, YTO 3arpsa3HeHne NPUBOAUT K YBENUYEHUIO MOMbHOW AO0MNN MOHOB HaTpUs
N XIOPUOOB, CHMKEHWIO MOSBHOW [OMNW MOHOB MarHus, Kanbuus, cynbdatoB 1 rugpokapboHaToB, npwu
3TOM 3MEKTPONPOBOAHOCTL BOAblI Bo3pacTaeT. [lonoxutensHble koadduumeHTsl koppenauum (ot 0,35
no 0,63) nonyyeHbl Mexgy MOMbHOW OONEW HaTpus W napameTpamu, CBSA3aHHbLIMU C 3arpsi3HEHWeM
CTOYHBbIMW BOAaMW: KOHUeHTpauuen obuwiero asota (TN), oTHoweHnem TN K KoHUeHTpauumn obLuiero
OpraHM4ecKkoro yrrepoga, oTHOLEHNEM UHTEHCUBHOCTU cbriyopecueHumnm 6enkoBoro Tuna (4rmHa BOJHbI
B0o3OyxxaeHunss 230 vnn 270 Hm, permctpaumm 350 HM) K MHTEHCUBHOCTU hryopecueHUnM ryMMHOBOIO
TMna (onuHa BonHbl BO36yxaeHus 230 unum 270 HM, peructpauun 420 Hm). MonyyeHHble pesynbTaTbl
MoKasblBalOT, YTO SNEKTPOMNPOBOAHOCTb MOXET MPUMMEHATLCA B KayecTBe 9Kcrnpecc-metoda Ans
MOHWUTOPMHIa OKpyXalolenh cpedbl B MCCNedyeMblX BOAOTOKax. Takke BO3MOXHO WCMOMb30BaHWe
MOJbHbIX OMEN NOHOB B KAYECTBO JOMOMHUTENBHOro napameTpa.

Introduction

Environmental monitoring plays essential role in environmental management and civil engineering.
Results of monitoring enhance knowledge of ecosystems and social impacts on them; provide rationale
for setting standards and making engineering decisions for protection and rehabilitation of natural
systems [1]. Water quality monitoring has a special importance giving information about influence of
wastewater effluents on drinking water sources.

Bonnapenko E.A., Wnbuna X.B., Angpuanosa M.IO., UycoB A.H. OcCHOBHBIE HEOpPraHMYECKHE HOHBI H
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Rivers of big cities usually are affected by untreated domestic and industrial wastewaters that can
be discharged on a regular basis or during emergency episodes. Even if amount of direct discharges is
gradually decreased due to efforts of municipality and wastewater treatment companies, there is still
possibility of pipes misconnection or illicit discharge of wastewaters by individuals or organizations. Such
cases took place in St.Petersburg, where in nowadays 98 % of city wastewaters are accepted by
canalization and transported to wastewater treatment plants [2]. Significant pollution of rivers in
St.Petersburg was sometimes noticed by citizens due to unpleasant smelt, oil sheen, and presence of
dead fish. Several such accidents happened in river Okhta [3, 4]. Pollutants in storm waters from
industrial and residential areas and filtrates from unauthorized landfills also make worse water quality in
rivers of St.Petersburg [5-7].

Rapid detection of pollutants is important in several cases. It helps to find the sources of unwanted
substances and prevent inflow of impurities from them in future due to administrative means and
engineering measures. For this purpose, express-methods of water quality monitoring are needed. In
natural waters with low mineralization measurement of specific electric conductivity (EC) could be a
useful express-method of water quality control.

EC has been investigated as marker of contamination from wastewaters discharges [8-12]. It is
considered to be useful for screening of the pollution level [9, 11]. For rivers of the North-Western part of
Russia natural background concentrations of inorganic salts are small or moderate [13]. This makes
possible registration of pollution in rivers by increasing of EC in water samples.

For the Okhta waters cations of calcium and anions of hydrocarbonates are contained in majority
[13, 14]. According to the results of monitoring (at observation point Novoye Devyatkino at the boundary
of St.Petersburg) sum of concentrations for the dissolved ions in the Okhta waters was in the range from
60 to 140 mg/L [13]. Concentration of ions (as dissolved solids) in untreated domestic wastewaters is
usually higher: about 200-1000 mg/L [15, 16]. This data give basis for applying EC as a parameter for
water quality monitoring in polluted urban rivers.

Correlations of EC with concentrations of total nitrogen (TN) and fluorimetric parameters that are
characteristic of wastewater pollution were found in previous studies [17, 18]. The goal of the actual work
was to clarify roles of major inorganic ions in formation of EC in urban river Okhta and its polluted
tributary. To achieve the goal the following tasks were set:

— measurement of EC and concentrations of main ions (sodium, potassium, magnesium, calcium,
chlorides, sulfates, hydrocarbonates) in waters upstream and downstream outlets of wastewaters;

— revealing connection between ions concentrations and other markers of wastewater pollution,
such as TN and fluorimetric parameters of water.

Materials and Methods

Water Samples. Water samples were taken from the Okhta and its tributary the Murinsky creek.
The Okhta is considered to be the most polluted river in St.Petersburg. Discharge of wastewater into river
Okhta had contributed for about 20 % of its flow rate. The Murinsky creek takes domestic wastewaters
from high-rise residential buildings (district Grazhdanka in St. Petersburg); inflow of wastewaters had
contributed for about 60 % of its flow rate [19, 20]. Scheme of sampling points location is given in [18].

Series of water samples were collected from July 2013 to March 2014. Three series of samples for
each water object were taken, 8-15 samples from the Murinsky creek and 7-17 samples from the Okhta
in each series. The samples of each series were collected during the same day and transported to the
laboratory. Bottles with water were stored in a fridge at +4...+6°C for several days in vertical position
while suspended matter was sedimenting. The upper part of water was analyzed.

Chemical Analysis. EC was measured in the laboratory at the day of sampling by
conductometer “HI 8713” (HANNA Instruments) at 20 °C (measurement error = 5 %). Other parameters
were determined in the supernatant after storage of samples. Concentrations of total organic carbon
(TOC), inorganic carbon (IC) and TN were determined by analyzer “TOC L vpn-TNM” (Shimadzu, Japan)
(measurement error + 10 %). For the calculations it was supposed that all measured IC was present in
the form of hydrocarbonates.

Concentrations of major inorganic cations (potassium, sodium, magnesium, calcium) and anions
(chlorides, sulfates) were measured by capillary electrophoresis method on “Capel-103R” (Lumex,
Russia) with measurement error + 15 %.

Bondarenko E.A., II'ina Kh.V., Andrianova M.Ju., Chusov A.N. Main inorganic ions and electric conductivity of
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Fluorescence spectra of water samples were obtained on analyzer “RF 5301 PC” (Shimadzu,
Japan) at excitation wavelengths 230 and 270 nm, emission wavelength from 200 to 650 nm. The
wavelengths were chosen in the previous investigations [21, 22]. Detailed process of fluorimetric analysis
is described in [18]. Ratio of protein-like to humic-like fluorescence was used as a marker of pollution with
organic matter from wastewaters [18].

Results and Discussion

Concentrations of ions varied one order of magnitude from time and place during the period of
present study. Obvious increasing of ions concentrations and EC was observed downstream places
where wastewater discharges were supposed to be or were clearly seen. For example, in waters of the
Okhta 2-3 fold increasing of EC (compared to the values in the upstream samples) was observed
downstream settlement Enkolovo not far from the boundary of St.Petersburg. Peak of EC (1.4-5 fold
increasing) was observed in samples of the Okhta downstream inflow of the Murinsky creek; after that
place conductivity decreased due to mixing and dilution with other waters of the Okhta and its other
tributaries. As an example data for samples collected in September 2013 are shown at Figures 1 and 2.
In Table 1 ranges of values are given for three groups of sampling points (represented as in [18], M notes
for the Murinsky creek, O — for the Okhta). Samples of the first group were taken from unpolluted parts of
streams that were far from direct canalization outlets. Samples of the second group were taken from
possibly polluted or slightly polluted parts of streams, samples of the third group—from definitely polluted
parts.

Table 1. Ranges of water parameters. Concentrations are
conductivity —in mkSm/cm

given in mkmol/L, electric

Samples C(K" C(Na*) C(Mg?") C(Ca?") C(CIh) C(S04%) IC EC
M9p—M10p 50-110 | 210-390 | 250-470 610-1065 220-280 310-420 430-2500 110-320
M1-M5 10-160 | 60-8100 | 120-790 500-2630 | 860-15600 | 200-590 | 1100-4160 | 235-1970
M6-M13 20-440 | 335-4130 | 150-485 715-1700 | 2400-7000 | 430-870 | 1900-4460 | 540-1160
01-04 15-25 120-200 50-100 90-230 60-160 10-85 220-580 40-75
05-09 30-90 250-820 70-205 225-670 350-910 70-290 550-1550 120-250
010-017 60-165 | 480-2520 | 110-340 340-1200 590-4000 195-690 340-3250 230-725

Seasonal variation of EC and ions concentrations were significant; the values at the same
sampling points in the river and the creek differed by a factor of 10 or less. This could be explained by
changing of water precipitation and evaporation depending on weather conditions. The data correspond
with the figures from observation station Novoye Devyatkino according to which concentrations of main
ions changed not more than one order of magnitude during periods of low and high water flow rate [13].

Bonnapenko E.A., Wnbuna X.B., Angpuanosa M.IO., UycoB A.H. OcCHOBHBIE HEOpPraHMYECKHE HOHBI H
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Figure 1. Parameters of water from river Okhta.
Concentrations of ions, TN, TOC and IC are given in mkmol/L, EC in mkSm/cm,
| refers for fluorimetric parameter | 230,350/420 (see explanation in the text),
which value was multiplied by 1000.
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Figure 2. Parameters of water from the Murinsky creek.
Concentrations of ions, TN, TOC and IC are given in mkmol/L, EC in mkSm/cm,
| refers for fluorimetric parameter (I 230,350/420 (see explanation in the text),
which value was multiplied by 1000.
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Correlation coefficients r between concentrations of ions and other water parameters related to
pollutants from wastewaters were calculated (Tables 2, 3).

Table 2. Correlation coefficients for water samples of the Murinsky creek (n =32).
Concentrations are given in mkmol/L, electric conductivity —in mkSm/cm

Parameterl
Parametar C(K*) C(Na*) C(Mg?) C(Ca?") C(CIh) C(S047) IC
EC 0.65 0.93 0.70 0.88 0.95 0.60 0.62
TN 0.46 0.20 0.01 0.03 0.09 0.36 0.65
TN/TOC 0.55 0.22 0.04 0.10 0.12 0.52 0.77

Table 3. Correlation coefficients for water samples of the Okhta (n =30).
Concentrations are given in mkmol/L, electric conductivity —in mkSm/cm

Parameterl | cxn | cnat) | cmg?) | cca) | cer) | cso Ic
Parameter
EC 0.94 0.95 0.86 0.91 0.96 0.91 0.91
™ 0.93 0.80 0.74 0.79 0.78 0.76 0.81
TN/TOC 0.78 0.65 0.69 0.64 0.59 0.54 0.68

The water parameters were chosen according to the following considerations. Increased amounts
of organic and inorganic nitrogen compounds are usually present in domestic wastewaters [15, 20]; they
are summarized in parameter TN. Presence of organic matter (as TOC) cannot be used to distinguish
between natural and wastewaters in the studied streams [18] because of high background content of
natural organic matter, such as humic substances [16, 18]. Instead of it, molar ratio of TN to TOC
(TN/TOC) is used to distinguish between nitrogen in natural organic matter (in streams) from nitrogen
added with wastewaters. It is known that TN/TOC increases in human-disturbed streams and rivers
compared to the unpolluted water objects [23].

Data from tables 2 and 3 show that all the studied ions have significant role in increasing of water
conductivity in the Okhta and its tributary: correlation coefficients between ions concentration and EC
were from 0.60 to 0.95. The data does not allow selecting a certain ion that is more characteristic for
pollution than others.

Correlation coefficients with TN or TN/TOC reveal some difference among ions: r was positive in all
cases, the highest values were for potassium-ion among cations (from 0.46 to 0.93) and IC among
anions (from 0.65 to 0.81). However, in the Okhta waters rather high correlation coefficients were found
also for the rest of studied ions (from 0.54 to 0.80). This can be explained by difference in wastewater
content, because the Murinsky creek accepts mainly domestic wastewater and the Okhta accepts
wastewaters from industrial enterprises. Properties of soils, natural water sources and variation of flow
rates in catchment basins also may produce effect.

In order to compare relative concentrations of ions molar fraction of cation or anion among studied
cations or anions were calculated according to the formula (1):

Ri= (Ci- 100%) / (Csum) 1)

where Ci — molar concentration of cation or anion (mol/L), Csum — sum of molar concentrations for studied
cations (K*, Na*, Mg?*, Ca?*) or anions (Cl-, SO4 2-, HCO3"), correspondingly.

Data for molar fractions in tables 4 and 5 show difference between ions in unpolluted and polluted
waters. Growth of EC is followed by increasing of molar fractions of one cation and one anion: sodium (r
is 0.65 for the Murinsky creek, 0.61 for the Okhta) and chlorides (r is 0.54 for the Murinsky creek, 0.70 for
the Okhta). Molar fractions of potassium has small positive or negative correlation coefficients with EC
(r = 0.12 for the Murinsky creek and r = —0.06 for the Okhta). Other studied ions have negative correlation
coefficients between their molar fractions and conductivity (r varies from —0.03 to —0.72). These results
correspond to the information that sodium-ions, chlorides and hydrocarbonates in general prevail over
other ions in domestic wastewater [24].

Correlation between molar fractions and TN was positive for monovalent cations sodium and
potassium (see table 4 and 5, r from 0.16 to 0.60). Negative values of r were observed for divalent
cations calcium and magnesium (r varied from —0.36 to —0.77), sulfates (r from —0.04 to —0.16). For molar
fractions of other ions r had positive or negative values in different streams.

Bonnapenko E.A., Wnbuna X.B., Angpuanosa M.IO., UycoB A.H. OcCHOBHBIE HEOpPraHMYECKHE HOHBI H
DJIEKTPOIPOBOIHOCTD 3arPA3HEHHBIX BOAOTOKOB // IHXeHepHO-CTpouTEnbHbIH KypHai. 2016. Ne 8(68). C. 37-44.
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Table 4. Correlation coefficients for water samples of the Murinsky creek (n = 32)

Parameterl | o9 | rRmNay | RMg?) | Ra?) | RCH | RS0 | RHCO)
Parameter
EC 0.12 0.65 0,66 061 0.54 057 0.42
N 0.57 0.35 1036 038 | -015 -0.18 0.26
TN/TOC 0.60 0.36 -0.40 038 | -014 -0.22 0.27
| 230,350/420 0.65 0.39 0.46 10.40 0.02 031 0.12
| 270,350/420 0.51 0.35 0.41 035 | -013 -0.26 0.29

Table 5. Correlation coefficients for water samples of the Okhta (n = 30)

Parameterl | pkn | RNa) | RMg2) | Rca?) | REH | REO02) | RHCO)
Parameter
EC -0.06 0.61 0.72 -0.39 0.70 -0.03 10.60
™ 0.16 0.60 0.77 -0.39 0.66 -0.04 10.56
TN/TOC 0.075 | 0.63 -0.67 -0.47 0.63 0.14 10,50
| 230,350/420 -0.02 0.55 053 -0.42 0.62 0.12 10,50
| 270,350/420 021 0.44 0.32 035 0.46 021 0.32

The results were also compared with fluorimetric parameters of water (Tables 3 and 4). We used
ratio of intensities of two fluorescence types: protein-like fluorescence (that is common for wastewaters)
and humic-like fluorescence (that is common both for natural unpolluted waters and wastewaters) [25].
Such ratio increases when domestic wastewaters are discharged to river waters [18, 25]. In Tables 4-5
these ratios are denoted with “lex, em1/em2”, where “ex” — excitation wavelength (230 or 270 nm), “em1”
and “em2” — emission wavelengths, “1” notes for protein-like fluorescence (at 350 nm), “2” — for humic-
like fluorescence (at 420 nm). Ratios with the chosen wavelengths were most informative in revealing
pollution for both studied streams as it was shown in [18, 25].

It can be seen from Tables 4 and 5 that character of correlation of ion molar fraction with
fluorimetric parameters is close to correlation with TN, TN/TOC. In most cases correlation coefficients
have the same sign (positive or negative). In both studied streams fluorimetric parameter increases
together with growth of R(Na*) and reduction of R(Mg?*) and R(Ca?").

Summary

Waters of urban river Okhta and its polluted tributary the Murinsky creek were studied.
Concentrations of main inorganic ions K*, Na*, Mg?*, Ca?*, Cl-, SO42- and inorganic carbon were
determined together with EC, TN, TOC and fluorimetric parameters of water samples.

Concentrations of all studied ions and EC increased as a result of pollution with wastewaters. The
ions concentrations rose together with growth of EC. Correlation coefficients between ion concentration
and EC were from 0.62 to 0.96 and it was impossible to select any ion specific for pollution. High positive
values of correlation coefficients (0.54—0.70) were found between EC and molar fractions of several ions:
sodium and chloride. Correlation coefficients between EC and molar fractions of bivalent cations, sulfates
and hydrocarbonates were negative. These data suggest that pollution of river and creek with
wastewaters together with general growth of ions concentrations increase also molar fractions for sodium
and chlorides and reduce molar fraction for bivalent cations and sulfates. Such effect is a result of
difference in ion relative concentration in polluted and unpolluted waters.

Positive correlation coefficients (from 0.35 to 0.63) were found between molar fraction of sodium
and parameters connected with pollutants derived from organic matter degradation: TN, TN/TOC, ratio of
protein-like fluorescence (excitation at 230 or 270 nm, emission at 350 nm) to humic-like fluorescence
(excitation at 230 or 270 nm, emission at 420 nm).

The obtained results support the idea of wastewaters™ leading role in EC changing for the studied
streams. In general EC can be applied as an express-method for environmental monitoring in the Okhta
and the Murinsky creek. Other parameters such as molar fractions of sodium and chlorides can also be
informative in revealing pollution with wastewaters.

Bondarenko E.A., II'ina Kh.V., Andrianova M.Ju., Chusov A.N. Main inorganic ions and electric conductivity of
polluted urban streams. Magazine of Civil Engineering. 2016. No. 8. Pp. 37—-44. doi: 10.5862/MCE.68.4
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Hybrid wood-polymer composites in civil engineering

MbpuaHble ApeBECHO-NONMMEpPHbIE KOMMO3UTbI
B CTPOUTENbLCTBE

A.N. Ponomareyv, KaHnd. mexH. Hayk, npogheccop

A.S. Rassokhin, A.H. MNoHomapes,

Peter the Great St. Petersburg Polytechnic acnupaHm A.C. PaccoxuH,

University, St. Petersburg, Russia CaHkm-llemepbypeckull nonumexHu4eckull

yHusepcumem [Nempa Bernukoeo, e. CaHkm-
lNemepbype, Poccus

Key words: hybrid wood-polymer composites; Knroyeenie cnoga: rmbpunaHbie opeBecHo-
impregnation; thermosets; glass, basalt, carbon NOSIMMEPHbIE KOMMO3UTbI; MPONUTKA;

tapes; external and interlayer reinforcing; water- peakTonnacTbl; CTeKNsHHbIe, 6a3anbToBble,
soluble sulfoadducts of the carbon nanoclusters YrNepoaHble NEHTbI; BHELLHEE U MEXCNONHOE
(“Ugleron C”); carbon nanoporous microfibres; apMmnpoBaHue; BOAOpacTBOPUMbIE
EpoxyPAN. cynbdoaaayKTbl HAHOKNACTEPOB yrnepoaa

(YrnepoH C); yrnepogHble HaHOMOpUCTbIE
MMWKPOBOMOKHA; dnokcul1AH

Abstract. The interest in wood-based materials and structures is increasing every year, and as a
result, attempts are constantly being made to modify it, in order to increase mechanical and operational
characteristics. In this case the complicating circumstances are the contradiction between the hydrophilic
nature of wood and water repellence of the majority of the thermosets that can significantly affect the
properties of wooden parts and structures. The paper analyzes the state of research in this area and
draws conclusions in favor of methods of wood gradient impregnation with reinforcing water-compatible
epoxy thermosets and external as well as interlayer reinforcement of wood structures with high-strength
glass-, basalt-, organo- and carbon-fiber ribbons with anisotropic properties. The possibility of
modification of water-compatible epoxy polymers by carbon micro- and nanoparticles of new species was
also studied. The results of the pilot studies of the wooden details gradient impregnated with the water
compatible epoxy compositions modified by sulfoadducts of nanoclusters of carbon ("Ugleron C") and
carbon nanoporous microfibers (CNPMF) are given. The possibility and features of external reinforcing of
the wooden details by glass ("E" — type fibre), carbon (on the basis of carbon fibers) was considered and
the case of the basalt and polyaramid unidirectional tapes was estimated. The technology of the
additional strengthening the wooden details by an external membrane from a multifunctional composite
water compatible coating — the "EpoxyPAN" was offered. Results of the tests the samples of the wooden
details covered with a continuous membrane from "EpoxyPAN" have confirmed the previous assumptions
of the prospects of such technology. Thus, the possibility of creation of the hybrid wood-polymer
composites (HWPC) of new types is proved and problems of further work are formulated.

AHHOTauuA. VIHTepec Kk matepuanaMm M KOHCTPYKUMSIM Ha OCHOBE APEBECMHbI C KaXAbIM rogom
yBenM4MBaeTCcs, BCrneAcTBUe Yero NoCTOSAHHO NpeAnpvHUMAaloTCs MONbITKM ee Moaudmkauum, Ans Toro,
YTOObl  MOBBICUTb  MEXaHW4YeckMe W  9KChfyaTauuoHHble  XapakTtepuctukn.  OCNOXHAOLWMMM
obcToATensCcTBaMU MNpyU 3TOM  SBMAOTCA rmgpodunbHad npupoda ApeBecuHbl U rmapodobHOCTb
OoNbLIMHCTBA pPeakToMnacToB, CNOCOOHbLIX 3aMETHO MOBMUATbL HAa CBOWCTBA AEPEBSAHHbLIX AeTanen u
KOHCTpyKuMin. B paboTe npoBedeH aHanu3 COCTOSHWS MCCredoBaHui B 3ToW obnactv u caenabl
BbIBOAbl B MOMb3y METOAOB rPagveHTHON MPOMUTKU OPEBECUHbl YCUMMBAKLWMMN BOSOCOBMECTUMbIMU
9MOKCMOHBIMW peakTonnactaMym W BHELWHEro, a Takke MEXCIIONHOr0 apMUPOBaHUS OpPeBeCHbIX
KOHCTPYKUMI BbICOKOMPOYHbIMW CTekno-, 6asanbTo-, OpraHo- W YrreBONOKHUCTbIMK JeHTaMn C
aHM30TpONHbIMK  cBOWCTBamMW. [lpoBedeHO  Takke  UM3yyeHMe  BO3MOXHOCTM  Mogudukaumm
BOOOCOBMECTUMbIX 3MOKCMAHBIX MOMUMEPOB YrNepoAHbIMA MUKPO- M HaHo4yacTMuaMu HOBbIX BMAOB.
MpuBoasTca pes3ynbTaTbl 3KCMEPUMEHTamnbHbIX WCCeQOBaHWN OepeBsHHbIX AeTanen, rpagneHTHo
MPOMUTaHHbIX BOAOCOBMECTUMbIMU  3MOKCUMAMAHOBBIMU U 3MOKCMHOBOMAYHLIMW  KOMMO3ULUSAMM,
MoanMUUPOBaHHbIMIN CynbdoaadykTaMmu HaHoKnactepoB yrnepoga («YrmepoH C») u yrnepoaHbiMu
HaHonopucTeiMn  MukpoBornokHamu  (YHIMB). OpgHoBpemMeHHO paccMmaTpuBaeTcsd W OueHMBaeTcs

ITonomapes A.H., Paccoxun A.C. ['ubpuHble qpeBecHO-TIONIMMEPHbIE KOMIIO3UTHI B CTPOUTENbCTBE // VIHKeHepHO-
cTpouTeNbHbIH xypHai. 2016. Ne 8(68). C. 45-57.
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BO3MOXHOCTb M OCOBEHHOCTWN BHELUHEro apMupoBaHWsA deTanen 13 OpeBecuHbl CTEKNSHHbIMU («Ex-
CTEKMO), yrnepoaHbiMn (Ha OCHOBE YrnepoaHbix BonokoH T-700), 6a3ansTtoBbiMM M nonnapamMmugHbiMu
OfHOHanpaerieHHbIMN NeHTamMu. [MpeanoXxeHa TEeXHOMNOrMs LOMOSHUTENbHOIO YCUMEHUS AepPeBAHHbIX
getanen BHeWHen MembpaHOW W3 MHOTOYHKUMHANBHOTO KOMMO3ULMOHHOIO BOAOCOBMECTUMOTO
nokpbITnst  «3AnokculMAH». PesynbTaThl UCNbITaHWA 00pasUOB [OEpPeBsIHHbIX AeTanen, MOKPbITbIX
cnnowHon MembpaHo wu3  «OnokcunAHay  noaoTBepXOalT  cAenaHHble  MPEeanosyioKeHus o
nepcnekTUBHOCTM Takon TexHonornn. Takum obpasom, 060CHOBaHa BO3MOXHOCTb CO34aHUst TMOpUOHbIX
nonumMmepHo-gpesecHbix komnoautos ([MIOK) HoBbIX BMOOB M CcHOPMYyNMpOBaHbl 3adayn ganbHenwen
paboThbl.

Introduction

The first impregnating structures increasing not only fire — bioprotective, but also physics and
mechanical properties of wood have appeared at the beginning of the XX century. In 1909 the Belgian
chemist and the inventor Leo Bakeland have synthesized the first synthetic thermosetting polymer,
received at the initial stage of synthesis of phenol formaldehyde resin which called "Bakelit" [1]. A little bit
later in Russia its analogs have been synthesized — carbolit [2, 3] (in 1914), and in the early twenties —
bazilit — antiseptics on the basis of dinytrophenol, possessing the strengthening action [3] which have
found broad application in the industry of that time. Bakelite wood was widely used in aircraft industry,
shipbuilding, mechanical engineering, etc. and is still applied.

Now the choice of structures for increase of physics and mechanical characteristics of wood is
much wider [4, 5]. In this connection it is necessary to prove criteria of choice of the optimal variants.
These criteria can be shared conditionally into two groups: operational and technological. Among
technological parameters the most important is the possibility of solving the contradiction between
hydrophilic of wood and water repellency of the majority of high-strength polymer compositions.

Table 1. Comparative characteristics of the strongest polymers which can be used for the

physics and mechanical modification of wood [6-13]

Ne Type of Dencity, Tough- | Pressure | Tension Elasticity | Viscosityin Brake
polymer glcm? ness | Strength | girength module uncured Elongation,
kJ/m? : : MPa form, %
MPa MPa MPasc
1 Phenol- 1.25-1.38 10-20 90-150 50-100 | 1800-2300 90-1200 1.2-3
formaldehyde
2 Melamine 1.45-1.6 2.5-6 150-200 55-98 5000-5500 150-1000 0.8-2.9
3 Epoxy 1.16-1.25 12-25 160-300 80-140 2500-3500 1000-7000 2541
4 | Epoxy novolac | 1.33-1.47 12-15 | 120-130 85-93 2000-2700 | 500-40000 3.8-4.1
5 Polyester 1.215 0.75 160 65 3000 900-1000 25
6 Vinylester 1.1-1.25 13-24 35-50 90-146 2300-3600 450-750 2.1-15
7 Methacrylate 1.17-1.2 9-13 120-160 | 80-140 | 3000-3500 500-2500 0-0.5
8 Polyvinyl 1.2-13 4-120 24-140 63-120 | 1400-6000 5-45 0-3
alcohol

Derivations from Table 1:

In spite of the fact that the nomenclature of various synthesized polymers is very big now, the
majority of them are almost not applicable for impregnation of the wooden details. The main reasons —
insufficiently high physics and mechanical and other operational characteristics, and lack of a possibility
of creation the water compatible compositions on their basis with high level of penetration. All the
thermosetting polymers demanding high temperatures and pressure for it processing are also
automatically excluded from the perspective directions also. From all considered and selected options
epoxy compositions are of the greatest interest on condition of solution the problem of their water
repellency.

One of the technologically attractive opportunities of increasing physics and mechanical
characteristics of many thermoreactive polymers is their modification with small amounts of special types
of carbon nanoparticles [14-25]. At the same time the possibility to preserve low viscosity of the
impregnating structures is supposed to exist and is already proved to considerably improve their physics
and mechanical characteristics and increase durability.
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However, impregnation and polymerization of the impregnating structures themselves cannot
provide the highest increase of physics and mechanical characteristics of wood. The required results can
be reached by combining impregnation with reinforcement of wood polymers by high-strength polymeric
composites on the basis of fabrics and tapes made from "E" — glasses, basalt, carbon and poliaramid
fibers. Listed polymer composite materials can have very high physics and mechanical characteristics
themselves, but their wide use is seriously limited by its high price. Cheaper analogs with the lower cost
but comparable properties are essential for practical application in construction. Results of comparison of
the conditional prices for the unit mass of composite production for the different types and metal details of
the same sizes are given in Figure 1.

')

N '

Steel Fibreglass Carbonplastic =~ HWPC

Figure 1. Comparative conditional price of all-metal and composite details with the size
30x100x1000 mm

Prospects of developments and production of hybrid wood polymeric composites (HWPC) follow
from this comparison evidentially. However, the problem of increasing the HWPC physics and
mechanical characteristics to the level of the corresponding values received for monolithic carbonplastics
and separate types of fibreglasses remains unsolved.

In construction the method of external reinforcing of various details by carbon fabrics have been
successfully proved in practice. This method has been applied to strengthening of reinforced concrete
structures for a long time [26]. The same approach brings possibilities of the strengthening the structures
on the basis of wood and develop the new types of HWPC.

Such attempts were made numerously. In 1965 the American engineer Evangelos John Biblis has
reported to discover potential possibility to use flat fittings from fiber glass for strengthening wood details
[27]. But at that time it was difficult to carry out complex tests due to the lack of the industrial materials
suitable for external reinforcement of wood and high-quality glues.

Nearly 30 years later, in the 1990-th this topic has been raised again by group of scientists
N. Plevris, N. Deskovic and T. Triantafillou [28-31], as the industrial market featured a wide choice of
reinforcing materials and high-quality glues. For example, the unidirectional carbon tapes 0.55-0.77 mm
thick were pasted as a way to reinforce wooden beams externally by means of epoxy glue. Tests have
shown the increase in durability by 20-40 % comparing to rather similar beams without external
reinforcing. There was no rupture of the carbon tapes, however there was a cohesive destruction of wood
or destruction of glue connection. H. Dagher [32] arrived at the same results.

The influence of degree of humidity of wood was important [33, 34]. Well dried wood (5—-7 % of
humidity) showed better results than a damper one as these cases showed the best adhesion to glue
structures of system of external reinforcing. Final durability also depended on the amount of natural
defects (knots) on wood preparation [35].

The obvious results of improvement of the strengthened wood structures properties have set up
the field of application of composite materials: repairing of the wooden beams [36, 37], restoration of
monuments of wooden architecture [38—40], bridge building [41, 42]. The area of application defined the
best options of external reinforcing or strengthening were developed: reinforcement of all surface [43, 44],
bearing surface area [40, 44], places of a break [45], winding [46]. Also there were created and
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investigated options of high-strength materials for external reinforcing: unidirectional carbon tapes or
polyaramid fibers (average increasing of the durability was 30—-40 %), fiber glass fabrics or basalt tapes
(average increasing of the durability was 15—-30 %) [29, 38, 43, 45, 47-49].

Reinforcement by the different fibers is possible not only for integral details, but also for
improvement of quality of seams of the glued wood [50, 51]. Usage of the reinforcement increases
durability at a bend for 26-51 % depending on the amount of the reinforcing material and the way of his
injection [52]. Usage of carbon fiber or fiberglass cores and lamels for creation of tongue-and-groove
connections [53, 54] is also shown.

Pretension of carbon tapes in a beam by means of metal anchors can be created in order to
reduce a deflection of wooden beams [55].

Economic prospects of implementation of HWPC were considered in the work of F. Taheri,
M. Nagaraj and P. Khosravi [56]. These authors observe lower price of HWPC due to mass production
and optimization of cross section of details. Undoubtedly postponed economic effect must also appear
due to increase of durability of HWPC.

There are also opposite opinions. For example, Y. Kim and K. Harries [57] do not exclude isolated
cases of application of hybrid wood and polymeric composites (reconstruction of monuments of wooden
architecture, etc.), but exclude mass character as, in their opinion, it will be impossible to increase their
bearing ability more than for 40 %. Even if external reinforcement will make it possible to resist heavy
loads, bearing strain or cohesive destruction of the main body of wood will happen.

The results of the carried-out analysis suggest that it is possible to define the main directions of
development of hybrid wood and polymeric composites:

— the choice of optimum materials for impregnation into the precursors of HWPC, the most
corresponding on economic, physics and mechanical and operational indicators, capable to considerably
increasing the strength of the wood and to give it ability to resist bearing strain and cohesive destruction;

— development of technology for gradient impregnation into the precursors of HWPC with the
purpose of improvement of physics and mechanical characteristics and achieving the maximum adhesion
to the external reinforcing layer;

— the choice of materials of external reinforcement, the most corresponding on economic,
mechanical and operational indicators.

— constructive and technological development the processes of manufacturing the HWPC.

Relatively recently — in year 2000 the results of work on bulk impregnation and the subsequent
polymerization of the resins impregnating wood for the increase of physics and mechanical
characteristics of wooden details have been published [58]. In this work the bulk impregnation of wood by
phenol formaldehyde, melamine and urea-formaldehyde was carried out. These resins after hardening
have provided the increase of durability of wood on compression for 33—-35 %, on a bend — 12-20 % and
increase in the module of elasticity by 5-12 %, though the expense of the impregnating compositions was
rather high, which has considerably worsened prime cost indicators. Certain works describe first attempts
to use epoxy compositions [59], and also water compatible epoxy compositions [60]. However, the data
about the application the water compatible epoxy compositions have modified by some nanoparticles for
this purpose are not revealed now in the considered references. It can be considered as a serious gap as
injection of carbon micromodifiers of fulleroid type into the water compatible epoxy compositions,
furthermore makes it possible to raise dramatically operational resource of this material and to
considerably increase durability of the designs created from HWPC that is extremely essential in
construction.

Materials and methods

According to the planned researches, the bending strength of samples of the HWPC compared to
samples of raw wood, the standard preparations have been made of timber of coniferous breeds by the
sizes of 80 x 80 x 1600 mm and 20 x 40 x 800 with humidity no more than 10-12 % in total of more than
40 pieces for ensuring statistical reliability of the results of the tests. After preliminary drying of industrial
wood in a drying chamber within a regular production cycle of a woodworking and production of the
standard preparations of the required shape by method of mechanical milling, drying of preparations was
continued for about 25 days indoors with the heated floors without access of damp air. Additional drying
was necessary to provide the best possible results of tests of template matching made of basic wood
without some subsequent processing and also is expedient for the best interaction with samples of
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HWPC with the impregnating structures on a water basis. "E-glass" TC6-11-380-76 has been chosen as
the system of external reinforcing differing in the minimum cost, but possessing the acceptable strength
variables for experimenting fibreglasses based on T-25 fabric with a calico weave (Amendment 1-12).
Preliminary two-phasic processing of the dried-up samples by water-soluble epoxy structure of
"EpoxyPAN-primer" TC 23 1253-053-91957749-2011 was carried out in order to improve adhesion of the
reinforcing layers of T-25 fabric to wood and the general increase of physical and mechanical
characteristics of these samples of HWPC too. The samples were made with a rough of the prepared
surface. The possibility to increase the physical and mechanical characteristics of polymer matrices of the
composite materials by method of their modification by insignificant amounts of sulfoadducts of carbon
nanoclusters ("Ugleron C") [61] and carbon nanoporous microfibers (CNPMF) [62] was studied in order to
choose and optimize impregnating and the subsequent glue structures. Modification was made by
method of injection of several various concentration of carbon micromodifiers into the hardener with the
subsequent careful hashing of the hardener with the micro modifier, the following mixture of a hardener
with state standard specification 10587-84 ED-20 epoxy and filling of shapes in the cylindrical shape with
a diameter of 40 mm and a height of 40 mm. 8 samples were made for ensuring the maximum reliability
of the test results for each concentration of the micromodifiers. At the determination of pressure strength,
it has provided further for all values of concentration the level of sizes of confidential intervals which is not
exceeding 5 % is relative to the set confidential probability 0.95.

After full polymerization of samples was finished, the faces of cylinders were cleaned and samples
were located between plates of a hydraulic measuring press WK18 (Figure 2). By the results of the tests
schedules of concentration depending on the pressure strength and the amount of the micromodifiers,
the optimal meaning of its concentration was determined. This optimal concentration was taken further for
introduction into the polymer matrix of the strengthening layer decided on T-25 fabric.

Figure 2. Tests of a sample of the modified polymeric matrix for durability
at compression on the press of WK18

At the subsequent production of test samples of HWPC, the chosen concentration of carbon
micromodifiers was entered into the "EpoxyPAN-primer". It was done with the glue for fastening of the
strengthening layer by the same way.

After the full polymerization of the impregnating structure which is carried out under normal
conditions at a temperature of 30 °C, external reinforcing of preparations by two layers of T-25 (VMP)
fabric-78 with a calico weave from "E" — TC 6-11380-76 glasses (with amendment 1-12) method of
vacuum molding on two opposite parallel sides of preparations was carried out. As glue structure the
composition from 53 % mass. of epoxy resin ED-20 (Russian State Standard 10587-84), 47 % mass. of
water soluble amine hardener was used. The water soluble amine hardener has been modified by carbon
nanoporous microfibers (CNPMF) in number of 0.8 % of mass. relatively the mass of the hardener.

Upon completion of polymerization process of glue connection, the continuous membrane from
polymer nanocomposite material EpoxyPAN was applied on an external surface of preparations for
additional strengthening of HWPC and protection against possible action of hostile environment, water
and fire (Fire technical characteristics of EpoxyPAN, according to the existing certificate: G1, If1, Sp1l,
Fo2, T1). Drawing was made by a pneumatic method by means of the textural sprayer the LC-02 brand
PRAKTIKA Ltd company.
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The first stage of examination of test samples of HWPC for durability on stretching at a bend
included tests of small-sized samples of HWPC the sizes 20 x 40 x 800 and control of the row wooden
models of comparison of the same sizes on a three-point bend. Tests were carried out in accordance with
Russian State Standard 16483.3-84. on a hydraulic press of PSU-50.

At the second stage of tests, measurements of durability on a tension strength of samples of
HWPC of the large-size sizes (80 x 80 x 1600) and control models of comparison from a wooden bar of
the same form on a four-dot bend in accordance with Russian State Standard 16483.12-72 have been
taken. Tests were carried out at the stand with the hydraulic test BISS MAGNUM UT-05-3000 module.
For a possibility of carrying out tests of samples of the above-stated sizes the industrial technological
equipment which drawing is given in Figure 3 has been developed and has been made.
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Figure 3. Drawing of the industrial technological equipment

The scheme of loading of the studied samples and pictures of test process are given in Figures 4
and 5 respectively.

Figure 5. Tests of samples of HWPC and models of comparison by the sizes 80 x 80 x 1600
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Results and Discussion

Results of researches of the dependence of the durability of a polymeric matrix from the
concentration of two types of the carbon micromodifiers entered into it structure are presented on the
graphs (Figs. 6 and 7).

MPa

75
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Figure 6. Dependence of the durability on the pressure strength of the test samples of epoxy
polymer from the concentration of "Ugleron C"
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Figure 7. Dependence of durability on the pressure strength of the test samples epoxydean
polymer from the concentration of the CNPMF

From the obtained data, it follows that optimal concentration for the entered sulfoadducts of carbon
nanoclusters ("Ugleron C") are the values of 2 % mass, relatively the mass of a hardener and 0.8 %
mass, for the CNPMF. The maximum values of increase of durability of samples of polymeric matrixes on
pressure strength have made 21 % and 31 % respectively. According to the achieved results, the most
effective type of micromodifier has been chosen and it was entered into composition for impregnation and
into glue structure for vacuum formation of the strengthening HWPC of layers of T-25 (VMP) fabric-78
with a calico weave.
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Tests of small-sized samples (sizes of 20 x 40 x 800 mm) have shown increase in durability at
stretching at a bend on average for 100 %. Results of tests of full-scale samples (sizes 80 x 80 x 1600)
have shown increase in durability at a bend at 18 % and increase in Young’s modulus for 14 %.

Results of tests of the modified polymeric matrix and results of tests of samples of HWPC have
been processed according to recommendations Russian State Standard 8.207-76 "Processing of results
of measurements with repeated supervision" also correspond to values of the relative error of average
values of these sizes which is not exceeding 5 % at confidential probability 0.95.

The analysis of results and studying of nature of samples destruction (Figure 8) show that at
external reinforcing of wooden preparations by T-25 (VMP) fabric-78 the strengthening of the samples
has practically not happened and observed increase in durability is caused only by resistance to
destruction of an external "EpoxyPAN" membrane. It will be coordinated with the data of preliminary
experiments on tests of the standard samples of wood beams and cubes (tested in accordance with
Russian State Standard 16483.3-84) which were also strengthened by means of external membranes
from "EpoxyPAN". It was founded early, that by using “EpoxyPAN” it is possible to increase the pressure
strength of wooden details with the “EpoxyPAN” membrane more, than 60 %.

Thus, it is established that T-25 (VMP) fabric — 78 with a calico weave is not priority material for
use as material for the external reinforcing of extended wood preparations and production of high-
strength HWPC. Strengthening of details full-strength fabrics can be recommended only for strengthening
of details with isotropic properties (panels, boards, etc.).

Figure 8. Nature of destruction of a sample of HWPC at limit loading by a four-dot method.
Reinforcing fabric stretched, and the EpoxyPAN membrane collapsed

Such conclusion follows from the fact that when loading extended samples of HWPC the T-25
fabric firstly was extended and guided, without exerting at the same time impacts on mechanical
properties of the extended parallel piped at his stretching (at a bend) and was broken off only when
strength of a basis of HWPC has been already actually passed.

Thus, it is expedient to recommend use of the unidirectional tapes for strengthening of extended
wooden beams, which are desirably high-strength carbon fibres.

It should be noted that, proceeding from nature of destruction of numerous samples of HWPC, on
strength indicators strong impact is exerted by existence of knots and cracks on a wood basis, and also
as already it has been stated above, its humidity.

The vast majority of the researchers [36—49] consider the HWPC are only the alternative to
wooden details. We consider that the scope of the HWPC is much wider. And it can be applied in a
number of tasks instead of fiberglass, carbon composites, metal etc.

The vast majority of the researchers consider also, that he more expensive cost of the HWPC in
comparison with the wooden details hinder from it wide using [56]. But by our opinion, scope of the
HWPC is not limited of the scope of the wooden details. HWPC are capable to replace metal, fiberglass,
carbon composites and a coal plastic construction, whose costs are significantly higher, than the HWPC
cost (Figure 1).

Comparatively with all the previous known results [36—57] it was founded now in this work, that the
durability of the impregnated wood beams (for example) possible to be improved more, than 40 % limit.
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Especially, if the external reinforcing will be made by the carbon tapes, the impregnation technology will
include the CNPMF doping and the external EpoxyPAN membrane will be used together with all the other
methods of improving the durability of the HWPC.

Conclusions

The analysis of literary data has shown that hybrid wood polymeric composites (HWPC) are the
perspective materials in view of the acceptable level of their prime cost and potential durability, but
demand the improvements of their physical and mechanical characteristics.

The pilot studies executed in the real work have shown that an effective method of increasing the
general durability of HWPC is the modification of a polymeric matrix for the fiberglass and for the
carbonplastic, the impregnating structure and glue compositions by the carbon micromodifiers —
sulfoadducts of the carbon nanoclusters ("Ugleron C") and carbon nanoporous microfibres (CNPMF).

It is established that in concentration dependences of durability of a polymeric matrix on the
pressure strength from the mass number of carbon micromodifiers there are maxima: for sulfoadducts of
the carbon nanoclusters — with 2 % mass. relatively of the hardener mass, for CNPMF — with 0.8% mass.
relatively of the hardener mass.

It is established that for epoxy polymeric compositions of impregnating structure and glue
connections at their modification by means of sulfoadducts of nanoclusters of “Ugleron C” carbon and
CNPMF increase of durability on the pressure strength respectively for 21 % and for 31 % is possible.

It is confirmed that drawing on a surface of HWPC of a continuous membrane from "EpoxyPAN"
gives the increasing of the durability of the studied samples on stretching at a four-dot bend on average
for 18 % (and increasing the compressive strength for more than 60 %).

Together with the polymer matrix of composite reinforcing have been modified by CNPMF and
“EpoxyPAN” coat, both method of improving the pressure and bending strength of the HWPC lead to 1.5
more time increasing the durability of the HWPC (against maximum 35 %, that was founded for improving
the pressure strength in the works, early published [58])

It is defined that, achievement of the increased values of physical and mechanical properties of
details from HWPC requires providing the following conditions and permission of the following tasks:

— use as material for external reinforcing of extended details from HWPC of the unidirectional high-
strength carbon tapes or other high strength tapes. It will allow arising considerably the level of values of
physical and mechanical characteristics of HWPC (together with the improved technology of
impregnation of wood which has to increase wood resilience to bearing strain);

— the choice of structure of impregnation for the nanocomposite material "EpoxyPAN-primer" and
for the main material "EpoxyPAN-coat", as protective membrane as they have successfully proved when
carrying out tests of the studied test samples, and also thanks to their good compatibility with hydrophilic
wood;

— working off the technology of compulsory gradient impregnation of wood preparations of HWPC
by water-soluble and water compatible polymer structures, including research of methods of vacuum and
ultrasonic impregnation. It will allow reaching the biggest hardness of near-surface layers of wood
preparation, and also will allow avoiding too wide spacing of properties of the raw wood.
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Renovation need for apartment buildings in Latvia

HeobxoanmocTb peHoBaLumM Xunblx 3gaHum B Jlateum
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Key words: Latvian building stock; apartment KnroueBble cnoBa: XunuiwHbeli ooHa Jlateuu;

buildings; energy efficiency; energy audit; MHOroKBapTUPHbIE 30aHUS; IHepreTuyeckas

ventilation 3P PEKTUBHOCTb, IHEPrETUYECKNI ayauT,
BEHTUNAUMSA

Abstract. Residential buildings in Latvia are one of the essential heat consumers during the
heating season. The majority of Latvian as well as European residential buildings were constructed within
the period from 1965 to 1990. Introduction presents brief overview of current situation in Latvian and EU
countries. This chapter provides overview of real energy consumption and definition of buildings technical
conditions. Materials and methods are based on evaluation of standardized energy consumption in two
kindergartens and multi apartment buildings including also dynamic energy simulation. Chapter on
thermal performance of building envelope provides an extensive comparison of heat transfer coefficients
in non-renovated buildings as well as comparison with normative values. Section on energy consumption
of existing multi apartment buildings presents review of buildings real energy consumption before and
after renovation. In addition this chapter evaluated indoor air quality. This study was done in order to
define necessary reconstruction goals to reach European Regional Development Fund project “A New
Concept for Sustainable and Nearly Zero-Energy Buildings” Nr. 1.1.1.1/16/A/007 main targets.

AHHoTauuA. XXunble 3gaHusa B JlaTBum SBRSKOTCA OOHUM U3 OCHOBHbIX NoTpebutenen Tenna B
OTOMUTENbHBIA CE30H. BOMbLIMHCTBO NATBUMIACKMX U E€BPOMENCKUX KUMbIX 34aHUA OblNMM NOCTPOEHbI B
nepuog ¢ 1965 no 1990 roa. BeegeHve npeacraBnseT kpaTkuii 0630p Tekyllen cutyaumm B JlatBum m
ctpaHax EC. B aTtonm rnaBe npeacrtaeneH o030p peanbHOro notpebneHvs aHeprum u onpepeneHuve
TEeXHUYECKNX ycnosun Ang 3gaHun. Matepmarnsl 1 MeToAbl OCHOBaHbI Ha OLleHKe CTaH4apTM3MPOBaHHOIO
notpebneHMs sHeprum B [OBYX [JOETCKMX cadax W MHOFOKBapTUPHbIX OOMax, BKMOYas TaKxe
OWHaMmnyeckoe MofenupoBaHwe 3Heprui. B rnaee, kacawwlencs TennoBbIX XapakTepUCTUK
orpakarLmnx KOHCTPYKUUIN 34aHuN, AaHO noapobHoe cpaBHeHne KoadhpuUMEHTOB TENNooTAauu B He
OTPeCcTaBpMpPOBaHHbIX 30aHUSIX W CPaBHEHWE MX C HOPMAaTMBHbIMK 3HadeHusmW. B pasgene o6
3HepronoTpedbneHun CyLecTBYKOLIMX MHOTOKBapTUPHbIX [OOMOB MpeAcTaBneH o0030p pearnbHOoro
noTpebneHns aHeprum 3gaHusMu 4o U nocne MogepHusauun. Kpome Toro, B 3TOM rnaBe AaeTcs OLEeHKa
KayecTBa BO3yxa B NOMELLEHUN.

Introduction

Residential buildings in Latvia are one of the essential heat consumers during the heating season.
In 2008 the residential sector in Latvia has consumed 74 % of all amount of produced heating energy.
The majority of residential buildings were constructed within the period from 1965 to 1990. The
importance of urgent need for renovation of existing building stock was highline in several independent
studies [1, 2]. These studies evaluated complex approach for retrofitting of multi apartment buildings with
a focus on sustainable development at district and national level, similar to research [3, 8] data. It should
be mentioned that renovation of existing building stock became an actual problem in EU and other
countries as well [6, 9, 12]. In general, existing building stock i classified as post Il word war, before I
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word war and modern building stock build after mid1990ies. It is vitally important to make proper
classification of building stock in order to choose most optimal and cost efficient renovation solution. The
building built before Il word has a completely different construction solution and technical conditions
which require more detailed and specific selection of renovation package [14, 21]. This study is focused
on analysis post Il word war building stock as most cruitial energy consumer. Application of renovation
packages can provide a significant reduction of energy consumption by existing building stock (10, 16,
17).

According to the data of Statistical Bureau of Latvia, the residential building construction may be
subdivided in the following basic categories:

*Pre-war construction (till 1945);

*Post-war construction (from 1945 to 1991);

*New construction (from 1991);

Number of dwelling according to construction period is shown in Table 1.

Table 1 Number of dwelling according to construction period

Year of Single family [Two apartments| Terraced Multi apartment
construction houses houses house buildings
<1945 97737 3406 2278 120218
1945-1960 38047 2503 912 49248
1961-1970 26152 1081 536 141169
1971-1980 27018 1081 677 180749
1981-1990 35856 563 340 162723
>1991 (2011) 43846 1826 1509 51268

According to the Table 1 data, share of multi apartment buildings constructed between 1945 and
1990is is 54 % of total number of dwelling buildings. During the pre-war period mainly capital brick
buildings and low-storey wooden buildings were built. Both furnace heating and central heating systems
were used to heat buildings. In subsequent years these buildings have been gradually connected to the
central heating system. It should be noted that unfortunately the majority of these buildings are in a bad
technical condition at present.

From 1945 to 1991 mainly typical multi apartment buildings were constructed. Types of buildings
103, 316 and 467 series were among the most widespread. There are approximately 38933 multi
apartment buildings in Latvia. The standard thermal conductivity for exterior brick walls was in average
1.33 W/(m2-K) and for exterior expanded-clay concrete walls — 1.20 W/(m?-K), which is at least 3.5 times
higher than the values specified in the current Latvian Building Code LBN 002-15 “Thermal performance
of building envelope” [3] which is valid in Latvia. The largest part of residential buildings (89 %) is
privately owned, 11 % belong to the state and self-governments and 2 % belong to apartment
cooperatives. The residential building stock of Latvia is represented mainly by one and two-room
apartments.

The common problems for existing building stock include non-insulated or partly insulated heating
and hot water piping systems, poor thermal properties of building envelope as well as balancing problems
due to applied one-pipe heating system. In addition, the heating elements don’t have individual regulation
possibilities that cause overheating in kindergartens where temperature reduction by window opening is
limited.

The average annual specific heat consumption for space heating of Latvian dwelling buildings is
104.40 kWh/m? and for hot water supply — 73.30 kWh/m?[2]. The main source of heating in Latvia is
provided by district heat supply systems. Totally about 65 % of the housing stock is connected to district
heating. The specific heating energy consumption in Latvian kindergartens is estimated to vary between
196 and 285 kWh/m?2. Therefore to reduce energy consumption to meet the municipality’s goal of
100 kWh/m?, even further actions should be taken, e.g. including, education of kindergarten personnel,
HVAC system retrofit and use of high-efficiency HVAC equipment. Almost all renovated building can be
found on on-line map.

Map provides also short description of implemented measures and expected energy reduction. The
total number of already renovated multi storey buildings in Latvia had reached 711 as on year 2016.
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These numbers show the high interest in refurbishment process which is stimulated by the possibility to
attract European funds.

Materials and methods

Evaluation of existing multi apartment buildings energy efficiency is based on analysis of real
measured data on heat consumption and theoretical calculations using IDA-ICE and RISUKA.

The existing buildings’ energy certification scheme is based on unique rating criteria —
standardized annual specific heat consumption, which is calculated on the basis of real measured heat
consumption for space heating and hot water supply.

The measured heat consumption was recalculated to standardized annual specific heat
consumption:

st = —qh[[))[[))St kWh/m? @

where: A — heated built-in area, m2; DD - degree-days of heating period in rating year; DDst — degree-
days of standard year in favorable economic conditions; gs.n. - measured consumption in analyzed year,
kWh/m? year.

Degree day is widely used to evaluate energy consumptions under different climatic condition [20].
The chosen cases include two kindergartens and multiapartment buildings. The renovation package for
both kindergartens as well as for residential building included similar improvements to building facades,
as well as heating and ventilation systems. In all cases facades were insulated with additional 100 mm of
insulation, also the windows were changed to double glazed PVC windows, additional insulation on
pipelines was placed, the radiators were replaced and system was rebalanced. The old one-pipe heating
systems with old cast iron heating elements were completely replaced with two-pipe newly built heating
system with panel type radiators equipped with thermostatic valves.

Thermal performance of building envelope

In Latvia, the greatest part of residential buildings falls on series 103, 316 and 467, the total space
of which is 16801 thousand m?. The standard heat transfer coefficients for exterior brick walls was in
average 1.33 W/(m?-K) and for exterior expanded-clay concrete walls — 1.20 W/(m?2-K), which is at least
4.5 times higher than the values specified in the current Latvian Building Code LBN 002-15 “Thermal
performance of building envelope” which is valid in Latvia [11].

Despite of the fact that buildings of various types differ visually, the internal engineering and
technical structure of all buildings is practically the same in all types of buildings.

Till 1960 mainly calcium-silicate brick buildings were constructed, but at the end of 1960 they
started to construct panel buildings. Practically all buildings were connected to the territorial centralized
heating system.

The comparison of existing heat transfer coefficient and normative values for common multi
apartment building in Latvia is shown in Table 2.
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Table 2. The comparison of existing heat transfer coefficient and normative values for
common multi apartment building in Latvia

Project type Type of envelope Ureal, W /m?K
Roof 0.75
Aerated concrete panel wall 0.89
103 Brick wall 1.27
Basement ceilings 1.03
Window 2.56
Attic ceiling 1.46
Brick wall (1) 1.25
318 Brick wall (2) 1.32
Basement ceilings 1.16
Window 2.56
Attic ceiling 0.81
464 Externalexpandedclay aggregate panels 1.48
Basement ceilings 1.33
Window 2.56
Attic ceiling 1.54
46715 Expanded clay aggregate panel wall 1.48
Basement ceilings 1.49
Window 2.56
Attic ceiling 0.8
602/9 Expanded clay aggregate panel wall 1.48
Basement ceilings 1.14
Window 2.56

Comparison of U-value for residential buildings in Latvia is shown in Figure 1.
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Figure 1. U-value for residential buildings in Latvia

Energy consumption of existing multi apartment buildings

To evaluate the impact of renovation measurements of consumed energy for heating have been
performed and comparison to the predicted ones has been made. The Table 3 shows how these results
stack up.
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Table 3. Comparison of heat consumption before renovation with theoretically predicted
and measured heat consumption in Latvia

. Heat consumption
Objects .
After renovation
Non-renovated - - -
Theoretical estimation Real measured

. 227KWh/m? 121kWh/m?2 150kwWh/m?
Kindergarten

(30.5tCO2) (17.3tCO2) (21.8 t/CO2)

. 245kKWh/m? 117kWh/m?2 145kWh/m?
Kindergarten

(89.3 kgCO2) (58.3tCO2) (71.9 t/CO2)

Residential 150kWh/m? 78kWh/m? 75kWh/m?

building (89.3 kgCOy) (54.5 t/COy) (44.6 t/COy)

As seen from the Table 3 there are some differences between predicted and measured energy
consumptions and mostly the actual measured heat consumption is higher than predicted one. This can
be explained by reason that the indoor temperature had risen after renovation. In most cases, this can be
considered as a good thing because the indoor temperature before the renovation was too low and by
increasing it the indoor climate quality is improved. However, if the temperature rise is unwanted the
heating system needs to be rebalanced after the renovation or automation for heating boiler must be
installed.

The research [5, 19] had shown unsatisfactory indoor air parameters in partly renovated and non-
renovated buildings. The main reason for high level of CO2 emission is lack of air exchange and absence
of any ventilation systems. Figure 2 presents comparison of real measured CO2 concentration under
different ventilation scenarios in bedroom occupied by two adults.
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Figure 2. presents comparison of real measured CO, concentration
under different ventilation scenarios

As it can be seen form above-mentioned figure, the especial attention should be paid to proper
design of ventilation systems.

According to the STEP-UP [http://stepupsmartcities.eu/] project data, since 2012, each building in
City of Riga with a heat substation has been equipped with telemetering system enabling remote heat
consumption measurements to be taken. Other data, such as cold and hot water as well as electricity,
can be read in accordance with the client’s needs. The project implementation was financed by the Riga
utility company Riga Siltums through its own capital and loan mechanism. The upgraded meters
introduction cost approximately 2.45 m Euro. It now takes less than three hours to take readings from
more than 8,000 substations, saving staff time and ensuring greater data and billing accuracy. The new
measures ensure any issues are more quickly resolved and risks identified promptly.

Nowadays energy performance of postwar construction is actual not only in former soviet countries
[7, 15], but also in European countries [7, 8]. The new innovative technologies should be implemented in
new construction as well as in retrofitting of existing buildings. Of the latest studies [4] have shown
benefits of latent heat storage in Latvian climatic conditions. Application of latent thermal storage allows
reduction of peak loads and wider application of solar energy. According to the study [13] data,
optimization of heat consumption and peak loads allows significant saving in district heating systems.
Thus overall negative environmental impact is minimizing.

Borodinecs A., Zemitis J., Sorokins J., Baranova D.V., Sovetnikov D.O. Renovation need for apartment buildings in
Latvia. Magazine of Civil Engineering. 2016. No. 8. Pp. 58-64. doi: 10.5862/MCE.68.6



NH:KkeHepHO-CTPOUTENbHBII KypHaJ, Ne 8, 2016

Conclusions

There are approximately 38 933 multi apartment buildings in Latvia. Until February of year 2013
the total number of already renovated multi storey buildings in Latvia had reached 156 or only 0.4 %.

The heat consumption after applying thermal insulation during refurbishment process of buildings
can be realistically reduced down to 70 kWh/m?in typical Latvian climate conditions. While nZEB
approach requires reduction of thermal energy consumption up to 15-40 kWh/m? in Latvian climatic
conditions.

The optimal U-values of walls after thermal insulations is 0.18-0.22 W/(m?2-K), while for roofs 0.13—
0.15 W/(m?-K).

Due to ventilation systems usually are not renovated, the IAQ measurements in renovated
buildings have shown unsatisfactory situation with increased CO: concentration and high relative
humidity.

The nZEB solution should include complex retrofitting measures as well as installation of energy
storage, renewable energy sources and exhaust air heat recovery.
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Building inside air temperature parametric study
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Key words: energy efficiency; modeling; heating KnroueBble cnoBa: aHeprosdeKkTMBHOCTb;
rate; air exchange; inside air temperature; climatic ~ MogenupoBaHue; ypoBeHb OTOMNIEHUS;
data; regression BO30yXO00OMEH; BHYTPEHHSSI TeMneparypa;

KnmmaTunvyeckme gaHHble; perpeccusa

Abstract. Nowadays energy resources saving problem is extremely important, especially for
heating in buildings. The aim of the paper is to simulate indoor air temperature depending on heating
rate, solar heat gains, infiltration rate and outdoor air temperature. In order to get the desired result
dynamic model of the room was created in EnergyPlus program, which is a widely used building energy
simulation program. Based on the developed model and modified IWEC weather data the series of
simulations were performed for inside air temperature calculation depending on internal and external
factors changes. The analysis of individual and aggregate factors influence on inside air temperature
change is performed. The multiple linear regression model structure is analysed and background of
factors change over the past three days is chosen. Regression models for daily average inside air
temperature dependence on each of the factors and all of them are created. Results verification is
performed for prognosis values of temperature in comparison with simulation for December weather data
from IWEC. Regression models can be used for complex analysis of problems connected with selecting
heating rate, influence assessment of climatic conditions on indoor air temperature, qualitative and
guantitative heating system regulation.

AHHOTaumA. B HacTosiee Bpemsi npoGrema SKOHOMMM 3HEPropecypcoB OYEHb aKTyarbHa,
OCOBEHHO C TOYKM 3peHuss notpebneHus Ha oTonneHue 3aaHun. Lenbio paboTbl  aBnseTcs
MOLenMpoBaHne U3MEHEeHUs BHYTPEHHe TemnepaTypbl Bo3ayxa B 3aBUCMMOCTU OT YPOBHS OTOMMEHMS,
COMHEYHbIX TEnmonocTynneHun, WHPUNbLTPaUUM U HapyXHOW TemnepaTypbl. [And OoCTUXeHUs
nocTaBrneHHoW uenu Obina paspaboTaHa AuHaMuMYeckas Mofernb KOMHaTbl B MPOrpaMMHOM MPOAYKTe
EnergyPlus, wWMpoKO wucnonb3yemMomM And 3SHepreTU4eckoro MoaenupoBaHus 3paHun. Ha ocHoBe
MaTemMaTuU4eckorm Mogdenu n moaudukaumm norogHblx AaHHbIX IWEC npoBefeH psa MMUTALMOHHBLIX
MOLENUPOBaHNA BHYTPEHHeEN TemnepaTypbl BO3dyXa B 3aBUCMMOCTU OT WU3MEHEHUS BHYTPEHHUX U
BHELWHuX pakTopoB. PaccMOTpeHO nHAMBMAYyanbHOE U COBMECTHOE BNUsHUE BblOpaHHbLIX hakTopoB Ha
U3MeHeHVe TemnepaTypbl BO3gyxa BO BpemeHu. [lpoBegeH aHanu3 n  BblbpaHa CTpykTypa
MHOroakTopHOM JIMHEMHOW perpeccun Ans  onpefeneHna  BIMSHUS NpegbicCTopuM  U3MEHEHUA
akTopoB. MOCTPOEHbI perpeccMoHHbIe 3aBUCUMOCTU BHYTPEHHEN TeMnepaTypbl BO3AyXa ANs Kaxaoro
n3 aKkTopoB M perpeccuoHHas mogerb Ans COBMECTHOro BIusHUSA daktopoB. [lposefeHa
Bepudmkauma nonyyYeHHbIX pe3ynbTaToB MO BHYTPEHHeW Temnepatype Ha 6ase perpeccMoHHOro
aHanu3a B CpaBHEHUW C JAHHLIMU VMUTAUMOHHOrO MoAenvMpoBaHus Ans gekabps ¢ gaHHbix IWEC.
PerpeccroHHble 3aBUCMMOCTM MOryT ObiTb WCMOMb30BaHbl MPU KOMMIIEKCHOM MOOXO4E K PELUEHUIO
3a4ay4, CBsI3aHHbIX C NoAOOPOM YPOBHS OTOMSEHUS, OLEHKE BIMAHUS KNMMaTUYECKUX (PaKTOpPOB Ha
BHYTPEHHIOID TemnepaTtypy BO34yxa, KayeCTBEHHbIM W KONMWYECTBEHHbLIM perynupoBaHUEM CUCTEM
OTONMEeHUS.

Introduction

Anthropogenic climate change really entered the arena of a broad experts review. Impact
assessment of various aspects of social life, including building energy consumption, indoor air quality,
and overall building energy performance, on climate change is of great importance. Also, today the
problem of energy resources saving is extremely important for Ukraine. According to the data obtained
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from [1] energy consumption for buildings operation is about 2.3 GJ/year, and this is more than 25 % in
the energy balance of Ukraine. A large proportion of building energy consumption accounts for heating.
Heating system qualitative adjustment depending on changes in internal and external parameters allows
to improve comfortable indoor conditions and to achieve energy savings during heating period.

There are different methods that are used for building energy efficiency assessment. The research
works of V.N. Bogoslovskij and Ju.A. Tabunschikov made a significant contribution to development of
mathematical models for buildings energy performance system analysis, the implementation of which
requires the creation/availability of special software platforms [2, 3].

The most simple and commonly used method to calculate energy consumption for heating is based
on heating degree-days [4]. Fixed duration of heating period is needed for heat transfer losses and heat
gains calculation.

However, this method can over evaluate the energy consumption for heating because of not taking
into consideration building thermal inertia. Other method based on EN 1SO 13790 [5] can use hourly
(5R1C model) or monthly time periods for calculation in order to take into account building thermal mass.
There are some modifications of simplified hourly model, for example 6R1C, that divide ventilation into
controlled and uncontrolled (infiltration) parts and provide optional equations for different HVAC systems

[6].

CFD software packages can be used to perform more detailed investigate heat and mass transfer
processes in buildings in steady-state and transient modes [7]. It can be used to assess influence of
external and internal factors on thermal state of the space, local ventilation characteristics, thermal
comfort etc. Although, the calculation of unsteady-state heat and mass transfer processes in buildings
using CFD packages can be quite a challenge.

One of the most convenient and precise way to investigate energy efficiency and thermal state of
buildings is to use whole building energy simulation programs as EnergyPlus, DOE-2, eQuest, TRNSYS
etc. [8]. Some researches compare real energy consumption with data obtained from different building
simulation programs [9, 10], others compare different software in terms of results accuracy and
convenience of use [11-13].

EnergyPlus is a widely used building energy simulation program that includes modules for zones
thermal balance and HVAC equipment analysis [14]. EnergyPlus was created on basis of DOE-2,
BLAST, which makes it attractive for use due to the accuracy of simulation results [15, 16], that were
compared with actual building energy consumption [17-19].

It can be used for detailed simulation of convective and radiant heat transfer, infiltration and natural
ventilation, solar and internal heat gains etc. EnergyPlus uses the Window 5 program for heat transfer
calculation through windows and glazed doors [20] that considers layer by layer input of glazing system
with different optical properties on front and back side of the glass, the angles of radiation incidence and
reflection, heat balance iterative calculation for glass surface temperature determination, heat transfer
through frame and dividers, the impact of internal and external shading devices etc. EnergyPlus
considers one dimensional heat transfer through building envelope, therefore thermal bridges effect [21]
is not calculated explicitly. In order to account for thermal bridges effect heat transfer coefficients for
building envelope constructions can be modified. EnergyPlus is based on an integrated approach of heat
and mass balance and technical building systems calculation that results in more accurate estimation of
indoor air temperature. Some of the papers propose to use predetermined from dynamic simulation
“normalized energy consumption coefficients” in combination with monthly energy bills in order to obtain
the hourly distribution of energy consumption for typical buildings [22].

Using of dynamic modelling is complex and time consuming. That is why empirical modelling
techniques using neural network [23], fuzzy logic [24, 25] and regression analysis are recently becoming
widespread. Creating regression models are adequate alternative to complex building modelling and tool
for heat consumption forecasting, ensuring adequate indoor comfort conditions. Regression models
which allow analyzing and predicting the behaviour of various aspects of the building as an energy
system can be based on actual data of energy consumption and factors that influence it [26—29]. For
example, monitoring of indoor air temperature in the space allows building regression models for indoors
temperature prediction based on external and internal factors [30]. Also regression based models can be
used for analysis of heat consumption regulation efficiency including heat source (qualitative) and
consumer (qualitative) [31-33]. But sometimes it is difficult to get the actual values of all influencing
factors or it is not possible to assess a single influence of factors on indoor temperature. That is why
other researchers use building simulation models to produce data for regression analysis [34-36].
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Created regression models allow describing the indoor air temperature and energy consumption with
sufficient accuracy. Also its usage is not so complex and time consuming as actual building simulation.
But it has some limitations, it can be used only within the applied range of influencing factors, also
models were created for climatic conditions in different countries.

The aim of the paper is to simulate indoor air temperature depending on heating rate, solar heat
gains, infiltration rate and outdoor air temperature. In order to get the desired result following tasks were
addressed: room model creation in EnergyPlus; investigation of different factors impact on the internal
temperature; creation of multi-regression models to assess the individual and cumulative effect of
selected factors.

Methods
Model description

Dynamic model of a room was created in EnergyPlus software for indoor air temperature
investigation. Created model can be used for different objectives: calculation of heating and cooling load
for design conditions under determined inside temperature; defining energy consumption for longer
periods, for example, annual calculation; indoor air temperature calculation based on energy balance of
the zone, including heat losses, heating rate, solar and internal heat gains. The last one can help to
investigate the influence of building envelope thermal resistance, internal and external factors on
temperature conditions inside the room for high-quality regulation of heating system. Level of solar heat
gains can be adjusted by different types of shading devices and special glass coating [16].

Mathematical model in EnergyPlus program takes into account diffuse and direct solar radiation
(using direct normal radiation) for solar heat gains calculation through windows and opaque building
elements.

The object of investigation is a room with one outside wall with window, tree interior walls, interior
ceiling and floor. Room floor and ceiling size is 5.5 x 6.1 m, floor-to-ceiling height is 3.2 m. The
dimensions of exterior wall are 5.5 x 3.2 m, exterior window is 5 x 2.5 m. The design of the building
meets the requirements of the building construction of 1970s that accounts for 80—-90 % of existing
buildings in Ukraine. Regardless of the current normative value of thermal resistance 3.3 (m?-K)/W the
existing outer wall has the thermal resistance R = 1 (m?-K)/W. The outer window is double glazed system
with wooden frame. It has no interior or exterior shading devices. Interior walls have and are built with
half-brick (& =0.125 m). Ceiling and floor is reinforced concrete slab (& = 0.2 m). Ventilation is natural.
Model input parameters are hourly climatic data from IWEC file (International Weather for Energy
Calculation), that include dry-bulb temperature, relative humidity, atmospheric pressure, wind speed and
direction, direct and diffuse solar radiation etc. Also, heating level, infiltration rate, floor number and
building orientation can be changed.

Conditions of model functioning

Inside air temperature is dependent on number of factors. EnergyPlus takes into account the
following ones: outside air temperature, direct and diffuse solar radiation, wind pressure, wind speed and
direction, humidity, internal heat gains from people, electric appliances and lightning, heating rate, air
exchange rate etc Outside air temperature, solar heat gains, infiltration rate and heating rate were chosen
as the most influencing ones for the analysis of existing buildings based on the previous research data.
The main objective of dynamic modelling is to investigate the change of indoor air temperature due to
disturbances of each influencing factors and their consistency in the given range. Ten minute time
intervals were used in heat balance calculation in EnergyPlus. After the stabilisation of indoor air
temperature profile one of the factors value was changed and its influence on indoor air temperature
conditions was analyzed.

Weather conditions of typical December day were selected as base from IWEC file for Kiev,
Ukraine. Temperature conditions of the selected day are close to the climatic data from [37] (fig. 1). Daily
fluctuations in outside air temperature (to) in December for Kiev are in the range of 0 ... -5°C.
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1 — data from IWEC file, 2 — data from [31]
Figure 1 — Daily changes in outdoor air temperature for December typical day

Peak value of global solar radiation on horizontal surface is 115 W/m? for cloudy December day
from IWEC file data. According to climatic data from [37] its average daily value is 22 W/m2. Selected
base values for diffuse and direct normal radiation provide the magnitude of solar heat gains through
exterior window with southern and northern cardinal direction in the range 0...600 W and 0...325W
respectively (fig. 2). Wind speed was set to 2.7 m/s with prevailing western direction [38]. For the base
calculation air changes per hour was set to 1 hour!. The heating rates for base external conditions were
selected taking into account the room orientation (southern or northern) and were 1300 and 1365 W
respectively, that accounts for 62 and 65 % of design heating rate (2100 W). Given base input values
provide average daily value for indoor air temperature tin= 18 °C after stabilisation.

Base climatic data were introduced in modified IWEC file. Initial calculations show that daily
fluctuation of indoor air temperatures become stable on the 20" day provided that daily average base
parameters are constant. Using the modifications of IWEC weather file influencing factors are changed
alternately. Disturbances of external temperature daily fluctuations correspond to the daily average
change value in the range Atout = [3...+3]°C. Amplitude of fluctuations remained the same as in Figure 1.
For the overall heating period in Kiev maximum between-day outside air temperature fluctuations is 6—
10 °C. Average between-day temperature fluctuations are 3—4 °C based on weather data from IWEC file.

Although the model uses solar radiation data from IWEC file, that include diffuse horizontal and
direct normal radiation, the resulting solar heat gains through the window are taken for the analysis of
solar radiation impact on indoor air temperature. Disturbances of solar heat gains (fig. 2) were set by
changing the daily fluctuations of direct solar radiation, thus taking into account room orientation.
EnergyPlus calculates the value of direct solar heat gains through direct normal radiation value. The
maximum daily fluctuations of direct normal radiation were changed in the range of 0...600 W/m?2 in
increments of 200 W/mZ, leaving the same daily behaviour characteristics. This range corresponds to
heating period conditions. Fluctuations rate of daily diffuse solar radiation is in the range of 0...100 W/m?
and is not changed. Solar activity disturbances were simulated for the duration of one day and three
days.
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Figure 2. Zone solar heat gains through the window for the southern (a) and northern (b) side of
the building: Daily average solar heat gains: 1 =119 W (base), 2 - 344 W, 3-608 W, 4 — 827 W,
5- 67 W (base), 6 -73W,7-81W,8-87W

The disturbances range of infiltration (air changes per hour) for the zone was 0.5 ... 1.5 hour-1. This
range is chosen taking into account the influence of internal and external air temperature difference,
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number of storeys, wind speed and direction [39]. Heating rate disturbances values are set to 45—-85 %
from design value.

Results and discussions
The influence of influencing factors on the indoor air temperature

The zone with considered thermal properties of building enclosures comes to stationary mode
within an average period of 20 days provided that external and internal parameters are constant (fig. 3).
That is why the disturbance of each influencing factor was set on the 20t day and changes in internal
temperature behaviour were investigated. It is difficult to determine the weight/influence of each of the
selected factors under the combined influence of external factors on the internal temperature and predict
the behaviour of a building system with other combinations of disturbances. In order to determine the
individual impact of factors each of them is examined in turn.

Daily fluctuations of southern oriented room inside air temperature for 1l-day and 3-day
disturbances of solar radiation are shown in Figure 3. Daily maximum temperature is increased by
2-6 °C, depending on the level of disturbance. For the room with outside window oriented to the north
daily fluctuations of the internal temperature barely changed. After 1-day solar radiation disturbance the
considerable remaining effect lasts for 5-6 days, for 3-day disturbance it can last for 10 days
approximately.
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Figure 3. Daily fluctuations of inside air temperature for the room oriented to the south
for various disturbances of solar heat gains for the duration of one day (a) and three days (b)

Taking into account the convenience to analyze the impact of factors disturbances in daily time
intervals derived results were averaged for each day. Modelling results for outside air temperature,
infiltration and heating rate disturbances impact on daily average inside air temperature are given in
Figures 4-5. As opposed to solar radiation the values of the factors do not return to the base values. The
disturbance impact on the indoor temperature depends on its value and has a remaining effect up to
10 days.
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Figure 5. Daily average inside air temperature for different infiltration (a) and heating rate (b)
disturbances

It should be noted that daily average inside air temperature curves for symmetric disturbances of
infiltration rate do not behave symmetrically with respect to the baseline. Analysis of simulation results
shows that prehistory of influencing factors should be taken into consideration for correct estimation of
indoor air temperature.

Creation of regression model

Linear multiple regression model built on the base of least square technique is used to predict daily
average inside air temperature for different values of influencing factors. Non linear time effect is included
by using difference of factors values for different days. Values normalization for regression model was
performed for given ranges of factors: outside air temperature Atouw= 13 °C, inside air temperature
Atin= 12 °C, infiltration rate An = 1.5 hour?, heating rate AQ = 900 W, solar heat gains AQsoi= 1000 W.

Prehistory of factors analysis is carried out for outside air temperature change, from 1 to 5
prehistory days analysis is given. Difference of outside air temperature values for adjacent days is used
in the regression models. The equation that includes 5-day history of the factor gives the most precise
results of indoor air temperature comparing to dynamic simulation data. If the number of prehistory days
is decreased to one, regression results greatly deviates from the curve of daily average inside air
temperature from simulation modelling (1-2 °C). That is why the regression model that includes 3-day
prehistory of the factor is considered in the paper, which provides sufficient accuracy of inside air
temperature prognosis. Figure 6 gives prognostic values of temperature inside the zone depending on
disturbances of outside air temperature for December from IWEC using 3-day prehistory regression
model. As the model can be used for several days’ temperature prediction, 1-day and 3-day prognosis
values are given versus modelling results.

Bilous 1.Yu., Deshko V.l., Sukhodub 1.0. Building inside air temperature parametric study. Magazine of Civil
Engineering. 2016. No. 8. Pp. 65-75. doi: 10.5862/MCE.68.7



HNH:keHepHO-CTPOUTENbHBIN KypHaI, Ne 8, 2016

0.8 0.5
— ——
5 06 \As-d’ﬂ S0 &
S0 |7 - N o v
2 E e 3
=€ = - 05 52
vg 04 — = o O
gy =9 = Q2
= = -1 =g
5 8 &g
~ 0.2 =t (modelling) =« =t (1 day prognosis), v L 15 &
====tin(3 day prognosis) tout day
0 T T T T T T T _2
1 5 9 13 17 21 25 29

Figure 6. Prognostic values of inside air temperature depending on disturbances of outside air
temperature

Regression models that include the background of factors change over the past three days and
inside air temperature for the previous day can be written as follows:
— for outside air temperatures

tini = —0.03242 + 1.05734¢t;,i_1 + 0.2519(touti — touti—1) + 0.11633(toutio1 — touti—z) +
+0-08283(t0ut.i—2 - tout.i—S);
R?;; = 0.99854,

adj

— for solar heat gains

tini = —0.04384 + 1.07479¢t;,;—1 + 0.12189(Qq01; — Qsori—1) + 0.14401(Qs01i—1 — Qsori-2) +
+0-0911(Qsol.i—2 - Qsol.i—3);
Rgdj = 0.96085,
— for infiltration rate

tini = —0.02657 + 1.05784t;,;_, — 0.41018(n; — n;_,) — 0.16468(n;_; — n;_,) —
—0.10165(n;_, — ni_3),
RZy = 0.99679,
— for heating rate

tini = —0.05587 + 1.106t;,;_; + 0.34094(Q, — Qi_;) + 0.0854(Q;_; — Qi_,) +
+0.04943(Qi-2 — Qi-3),
R;d]. = 0.99912,
where i — day number; tn — daily average inside air temperature; towt — daily average outside air
temperature; Qsol — daily average solar heat gains; Q — heating rate; n — infiltration rate.

The processing of calculation results for individual factors influence on daily average inside air
temperature using multiple linear regression models provides adjusted coefficient of determination value
Ridi above 0.99, with the exception of solar heat gains influence, where Rfld]- is equal to 0.96.

The overall regression model that takes into account all the influencing factors can be written as
follows:

tini = —0.03123 4+ 1.05865t;,;_1 + 0.25119(touei — touti—1) + 0.11633(toutic1 — toutiz) +
+0.08283(touti—2 — touti—z) — 0.41018(n; — n;_;) — 0.16435(n;_; — n;_,) — 0.10117(n;_, — n;_3z)+
+0-11864’(Q501.i - Qsol.i—l) + 0-14158(Qsol.i—1 - Qsol.i—z) + 0-0904(0501.1—2 - Qsol.i—3) +
+0.34094(Q; — Qi-1) + 0.10154(Q;—; — Qi-2) +0.07133(Q;-, — Qi-3),

The processing of general calculation results for individual factors influence using the latter
equation provides Rﬁdj value equal to 0.994. Other characteristics for assessing the adequacy of

regression model are the average approximation error £ = 0,45% and standard error g, = 0.013.

The comparison of prognosis values of inside air temperature using the last of the proposed
regression model with modelling results for December weather data from IWEC is given in Figure 7. The
proposed regression models describe the change in average daily internal air temperature with standard
deviation equal to 0.6 °C.
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Figure 7. Prognosis values of inside air temperature for December weather data

The majority of existing heating system control methods is based on inside air temperature
regulation; therefore it was used as desired parameter for regression models. At the same time
EnergyPlus calculates operative temperature (that combines inside air temperature and mean radiant
temperature). Further development of proposed regression models based on EnergyPlus simulation
results can include investigation of operative temperature depending on influencing factors. This
approach provides the analysis of internal and external factors influence on human thermal comfort [40].

Conclusions

Developed dynamic model based on EnergyPlus and modified IWEC weather data are used for the
research of individual and aggregate factors influence on inside air temperature change. The regression
model structure is analysed and background of factors change over the past three days is chosen. The
possibility of using the proposed regression model for several day prognoses of daily average inside air
temperature is considered.

Such regression models can be used for the following tasks:
1. selection and prognosis of heating rate in the room at a constant internal temperature and
change of external factors;

2. assessment of internal temperature change at fixed and variable values of heating rate and
changing external conditions;

3. assessment of internal temperature change at values of heating rate depending on outside air
temperature taking into account change of external factors.
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Self-compacting concrete with limestone powder
for transport infrastructure

CamoynnoTHAKLWNNCA BETOH ¢ KapboHATHLIM HaMNoNMHUTENEM
ans 06bLEKTOB TPAHCMOPTHOM UHMPACTPYKTYpPbI

L.O Larsen, KaHnOd. mexH. Hayk, doueHm O.A. JlapceH,

V.V. Naruts, acnupaHm B.B. Hapyms,

National Research Moscow State Civil Engineering  HayuoHanbHbIl uccriedosamernbckuli Mockosckuli
University, Moscow, Russia e2ocydapcmeeHHbIl cmpoumernbHbIl

yHusepcumem, e. Mocksa, Poccus
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construction; civil engineering; water permeability; rpakgaHcKoe CTPOUTENBbCTBO; KOHCTPYKLMK;

frost resistance NPOYHOCTb; BOAOHENPOHNLIAEMOCTb;
MOPO30CTONKOCTb

Abstract. At the beginning of XXI century in civil engineering and buildings of transport
infrastructure, such as tunnels, elements of bridges, viaducts and roads, it is more expedient to use
conventionally vibrated concretes which have almost universally replaced prefabricated constructions.
However, in objects with high congested reinforcement or in cases where vibration is impossible it is
more preferable to apply self-compacting concrete (SSC) mixtures. SCC possesses the ability to take
form shape without any mechanical aid. The most important requirement for SCC is high flowability
without the segregation of aggregate during placement. Despite the low water-cement ratio of the fresh
self-compacting concrete mixture the bleeding is still possible. That is why fillers such as natural
pozzolana, calcined clay (metakaolin), silica fume, fly-ash, slag, and quarry dusts should be used.
Furthermore, mineral admixtures can improve energy efficiency and particle packing, decrease cost and
permeability of self-compacting concrete. In this study, the properties of SCC with limestone powder as
partial replacement of Portland cement was established by applying mathematical experiment planning
method. The obtained SCC gave high early compressive strength within 3 days in the range of 41.3 MPa
while its 28 day strength ranged of 69.0 MPa. The result of this study indicated the possibility of adding
limestone powder in SCC with optimum percentage content around 38 %. The researched SCC had
density of hardened and fresh concrete mix in the ranges of 2438 kg/m3 and 2452 kg/m3 respectively.
The investigated SCC concrete with limestone powder showed high rate of water permeability in the
range of 1.6 MPa (W16) and high frost resistance in the ranges of F2400. It can be explained by
additive’s high water retention capacity and increase of hydration degree and, as a consequence,
decrease of capillary porosity. That is why the developed SCC with limestone powder has high
compressive strength and excellent durability performance.

AHHoTauma. Ha obbekTax rpakgaHCKoro CTpoUTENbCTBA M TPaHCMOPTHOW WMHMPaCTPYKTYpbl B
KOHCTPYKUMSIX, UMEIOLLMX BbICOKAN KO3MLNEHT apMUPOBaHMWsl, U B Cryyasix, Korga BuOpuUpoBaHue
GETOHHbIX CMecell OCyLleCTBUTb He MNpeACTaBnseTcs BO3MOXHbIM, HEOOXOAUMO MNpUMEHEHUe
9(hPEKTMBHBIX ~ CaMOYMNMOTHSALWMXCA  OETOHHbIX  CMeceil, KOTopble  MOMy4unu LIMpOKOe
pacrnpocTpaHeHWe B MocCnejHue [ecaTuneTuss B MUPOBOW npaktuke. B paGoTe npenacTaBneHsbl
pe3ynbTaTe 3KCNepuMeHTanbHbIX MWCCregoBaHuii npu paspaboTke cocTaBa CaMOYMMOTHSHOLWErocs
GeToHa ONs 0GbEeKTOB TPaHCMOPTHOW MHMPACTPYKTYPbl C UCMOMb30BaHMEM HarMoONHUTENEN Ha OCHOBe
0TX0O0B ApobneHns kapboHaTHbIX nopod. [na onTuMM3auuMu cocTaBa MPUMEHSNICA TPeXdaKTOPHBbIN
MeTOA MaTemMaTU4ecKoro MMaHUpPOBaHUA IKCMEpUMEHTa, KOMMO3MLMOHHLIA nnaH Ha ky6e Tuna B3,
obecrneymBaloLLIMN  MaKCUMasnbHYl0 MPOYHOCTb MPU  OOCTUXKEHUU TpebyemblX TEeXHONOrMYeckux
nokasatenen. YcTaHOBMNeHo, 4YTO  BBedeHVWe  3(PPEKTUBHOTO  PaskKMKKUTENns B  Buae
rMnepnnactTudukaTopa, 3HauMTEeNbHO CHUXKAEeT BogocoaepaHne GETOHHONM cMecH, YTo NpegoTBpallaeT
paccnavMBaeMoCTb CaMOYMIoTHslolerocs 6eToHa W MOBbIWAET 3JKCMyaTauMoHHble CBOMCTBA:
MPOYHOCTb, MOPO30CTOMKOCTb, BOAOHEMPOHMLAEMOCTb. JKCMEPUMEHTANIbHO  YCTaHOBMEHO, 4TO
yBEennYyeHne comepxaHus kapboHATHOrO HamnonHWUTEns BeAET K MOBbILEHWH MPOYHOCTM TOMbKO A0
onpedenéHHoro npegena, onNTMMaribHas [AO3MPOBKa KOTOPOro, COOTBETCTBYKOLLAs MakCUMarbHOM

Larsen L.O., Naruts V.V. Self-compacting concrete with limestone powder for transport infrastructure. Magazine of
Civil Engineering. 2016. No. 8. Pp. 76-85. doi: 10.5862/MCE.68.8
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npoyHocTK, coctaBnseT 0.38 ot macchl uemeHTa. KapOoHaTHbI MUKPOHAMONMHUTENb, 00naaasi BbICOKON
BOLOYAEPXKMUBAIKOLLEN CMOCOOHOCTBIO, MOBbIWAET CTeneHb ruapaTaumMmM LUeMeHTa, cnocobcTByeT
YMEHbLUEHNIO KanuimnsipHOM u obLlen nopuctocTn, TeM CaMbiM BMAWSS Ha MokasaTtenu MNpPOYHOCTW.
MonyyeH camoynnoTHsALLWMIACA BETOH CO CcpefHen NNOTHOCTbIO 2438 Kr/M3, MPOYHOCTBIO Ha CXaTtue
69 MIla, mopo3socTonkocTbio F2400 n BogoHenpoHuuaemoctoto W16.

Introduction

At the beginning of XXI century in constructions, such as tunnels, elements of bridges, viaducts
and roads conventionally vibrated concretes are widely used. However, it is more preferable to apply self-
compacting concrete mixtures in structures with high density reinforcement or in cases where vibration is
impossible [1]. Due to high rate of flowability self-compacting concrete takes form shape and passes
through the bars without any vibration. Self-compacting concrete has several advantages such as
technological benefits, environmental impact and energy efficiency [2].

The difference in concrete mix design between SCC and conventionally vibrated concrete is in
lower coarse aggregate content, increased paste content, low water/powder ratio, increased
superplasticiser [3]. The required level of flowability (slump more than 600 mm) can be achieved by
adding polycarboxylate-based admixtures with maintaining of technological properties such as workability
retention at the period of setting time into the formwork [4, 5]. Despite low water-cement ratio bleeding of
the mix is still possible.

The high cost of SCC resulted from the high cement content is the main factor impeding the
widespread of SCC use. Since cement is the most expensive component of concrete, its reducing
content is an economical solution. The cost of SCC can be decreased incorporating various
supplementary cementitious materials such as natural pozzolana [6], calcined clay (metakaolin) [7], silica
fume, fly-ash [8], slag [9] and quarry dusts [10]. The mineral admixtures can improve particle packing and
decrease the permeability of concrete. Therefore, the durability of concrete is also increased.

Besides the economical benefits, the use of recycled waste materials in concrete could reduce
environmental pollution and carbon dioxide emission. Large volumes of these powders are accumulated
and it is a big problem to propose utilization of these by-products from the aspects of disposal and health
hazards [11].

In addition supplementary cementitious materials do not only decrease the cost of self-compacting
concrete [12], but also improve flowability [13] and durability [14], reduce the heat of hydration in massive
structures [15], increase early strength and control bleeding [16].

Calcium carbonate based mineral fillers are widely used and can give excellent rheological
properties and a good finish. Limestone powder is a by-product collected from the quarrying process of
carbonate rocks. In Russia, 2014, more than 300 million tons of natural limestone were extracted and
recycled to produce 209 million tons of lime coarse aggregate and 10 million tons of lime binders [17, 18].
The main component of limestone powder is calcium carbonate. It does not possess pozzolanic activity
[19], but its use in SCC improves the deformability and viscosity, as well as reduction porosity [20]. Partial
replacement of cement by limestone filler brings the enhancement in fluidity and a reduction of the yield
stress [21].

The amount of limestone powder in cementitious materials can vary from 10 to 50 % [22]. Due to
positive influence on the properties of SCC and economic benefits the limestone powder is a major
component of many SCC mixtures [23]. Some research has been conducted regarding the properties of
limestone powder in self-compacting concrete in recent years. However, most of the previous studies are
limited or contain compositions with different quantity of the filler. The aim of this study is to establish the
optimum quantity of limestone powder in SCC and its influence on technological and performance
properties.

Materials, methods and mixture proportioning

Cement

The cement used in this study was Ordinary Portland Cement type CEM | 42.5 N Holcim Rus in
accordance with [24]. Mineral content was: CsA = 7.2 %, C3S =60.8 %, C2S =13.7 %, C4sAF =10.0 %
with specific surface area equal to 3600 cm?/g. Chemical composition is presented in Table 1.
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Table 1. Chemical composition of CEM 42.5 N

Component Percentage Component Percentage
SiO2 18.6 TiO2 0.3
Al2O3 4.5 P20s 0.1
CaO 63.6 SOs 3.1
Fe203 3.1 Na20 0.2
MgO 3.2 K20 0.6
Mineral filler

The limestone powder was sourced from limestone quarry Saltykovskoe field, grinded in laboratory

mill to a specific surface area equal to 3500 cm?/g. Chemical composition of limestone powder is
presented in Table 2.

Table 2. Chemical composition of limestone powder

Component Percentage, %
Limestone powder SiO2 Al203 Fe203 CaO MgO Loss on ignition
0.79 0.45 0.72 54.94 0.48 42.62
Aggregates

Crushed granite with a maximum size of 20 mm according to [25], specific gravity of 2.68 kg/m?3
and water absorption of 0.2 % according to [26] was used as coarse aggregate. Quartz sand was used
as fine aggregate with specific gravity equal to 2.63 kg/m? with the fineness modulus of 1.2. The particle
size distributions of both sand and crushed granite, obtained by sieving, are shown in Figures 1 and 2.
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Chemical admixture

To adjust the workability of concrete mixture, maintain its dispersing effect during the time, required
for transport and application, a superplasticizer based on polycarboxylate ethers Sika ViscoCrete 5-800
was used in accordance with [27, 28].

Evaluation of self-compactability

At the beginning of the experiment preliminary composition of self-compacting concrete with the
following characteristics presented in Table 3 was developed. It was experimentally determined that the
dosage of superplasticizer using slump-flow test on the paste [29] until the rheological parameters
attained satisfactory level (660—750 mm). Necessary correlation between limestone powder, coarse
aggregate and fine aggregate is based on requirements of self-compactability [30] and terms of concrete
mixtures pumpability [31].

Trial batches of SCC with simultaneous adjustment were produced. The weights of constituent
materials for producing one cubic meter of SCC mixtures, calculated using the absolute volume method.

Table 3. Preliminary compositions of the mixture

Material Unit mass (kg/mJ)
CEM1425N 480
Limestone powder 190
Quartz sand 720
Crushed granite 765
Water 170
PCE SP_Sika ViscoCrete 5-800 5.8

Mathematical planning method

The obtained SCC composition was corrected by using three-factor mathematical planning
method. A compositional plan for a Bs-type cube was adopted for the implementation of the experiment.
The factors of variation were: quantity of Portland Cement in kg/m3; quantity of limestone powder in % by
weight of Portland Cement; quantity of chemical admixture Sika ViscoCrete 5-800 in % by weight of
Portland Cement. Other parameters remained unchanged. The zero level of variation was adopted for the
preliminary composition.

Evaluation of hardened properties

The cube samples 100 x 100 x 100 mm were cased in accordance with [32, 33, 34] from each
composition with no compaction. Demolding of the cubes was carried out 24 hours after casting. The
cubes were placed in a 20 °C water curing tank until tests. The compressive strength of each cube was
measured according to [35] at the age of 28 days.

Frost resistance and water permeability

Frost resistance was determined in accordance with [36] by third accelerated method (freezing and
thawing in 5% aqueous solution of NaCl, temperature of freezing was -50 °C) on cube samples
100 x 100 x 100 mm at the age of 28 days by placing samples in a 20 °C water curing tank. Water
permeability was determined by “wet spot” method following [37] at the age of 28 days.

Results and Discussion

Optimization of the compressive strength of SCC

The levels of variation factors are shown in Table 4. The results of the compressive strength at
28 days are shown in Table 5.
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Table 4. Levels and intervals varying factors

Factor Levels varying Intervals varying
Parameter Description factors factors
Natural | Code +1 0 -1
Quantity of
CEM 425N, X1 X1 570 480 390 90
kg/m3
Quantity of
pol_\/ivrggit?::ss X X 05 | 04| 03 0.1
proportion of PC
Quantity pf PCE
ViscoSCII:;e?(Iekg-SOO, X3 X 1.4 1.2 1 L
% of PC
Table 5. Matrix of the system response
Coded factor Parameter of
Limestone P(S:IiEkSP optimization
No CEMI 42:'35 N, powder, in |\, o Crete Compressive
kg/m PropOTion | 5.800,in% | . | ., | 5 | Strengthinage
of PC of 28 days
(MPa)
1 2 3 4 5 6 7 8
1 390 0.3 1 -1 -1 -1 47.6
2 570 0.3 1 1 -1 -1 61.3
3 390 0.5 1 -1 1 -1 50.2
4 570 0.5 1 1 1 -1 67.7
5 390 0.3 1.4 -1 -1 1 44.3
6 570 0.3 1.4 1 -1 1 52.2
7 390 0.5 1.4 -1 1 1 49.9
8 570 0.5 1.4 1 1 1 68.0
9 390 0.4 1.2 -1 0 0 534
10 570 04 1.2 1 0 0 65.3
11 480 0.3 1.2 0 -1 0 47.7
12 480 0.5 1.2 0 1 0 49.6
13 480 0.4 1 0 0 -1 48.6
14 480 04 1.4 0 0 1 54.1

The number of experiments was 14, the number of repeated experiments was 3. The preparation
of the concrete mixtures was performed in a laboratory mixer. The final mixing time after dosage of all

materials was 90 seconds.

The final purpose of the data processing was to obtain the equation of regression by the number of

defined characteristics with significant coefficients for the selected variables:

y = 52.06 + 6.98x; + 3.32x, + 7.3x% — 3.4x% + 0.93x;x, + 0.83x,x3

The analysis of regression equations was carried by a mathematical method. Graphic

dependences are presented in Figures 3 and 4.
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Figure 4. Dependency graphs of y = f (limestone powder):
1 -dependency graph of y =f (limestone powder) if x1=1, x3=1;
2 —dependency graph of y =f (limestone powder) if x1=-1, x3=1
The composition with the highest compressive strength and optimum dosages of variable

components was selected. The consumption of materials for one cubic meter based on the equation of
regression (1) is presented in Table 6.
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Table 6. Content of concrete mix by using mathematical planning method

Weights of the materials for one cubic meter of the §
concrete mixture (kg) g
(]
2 S Estimated
g E & o Eetimated % compressive
s 5 5 3 3 > n Joi density ks strpen th
SN @ 2 N > w S | (kg/m?d) ° g
°F | EEB| &5 | 2| 8] 3 2| P
3 & g S
IS o
>
570 217 720 765 8 190 2462 0.56 68.24
Table 7. Properties of fresh concrete mixtures and hardened concrete
Density Slump ts00 Density of Compressive strength
(kg/m?3) flow (s) hardened (MPa) Deviation from
(mm) concrete calculated strength, %
(kg/m?3) 3 7 14 28
2452 690 9 2438 41.3 | 56.5 59.3 | 69.0 +1.11

As it seen from the Table 6 and 7 the content of limestone powder in optimal SCC was 38% by
weight of Portland cement.

Frost resistance and water permeability

Table 8. Frost resistance and water permeability of self-compacting concrete

Testing The number of Grade of freezing/ | Sample size of | Water permeability Grade of
method | cycles of freezing/ thawing cylinders (mm) (MPa) water
thawing without permeabilit
failure and weight y
loss
Third d=150 mm
. 55 F2400 1.6 W16
rapid ? h = 150 mm
Conclusion

The test results showed possibility of using limestone powder in SCC. The results demonstrate
positive influence of limestone powder on technological and performance properties. The obtained
composition was optimized by mathematical planning method. It was determined that the optimal dosage
of limestone powder in the developed SCC is 38 % to achieve technological requirements (690 mm of
slump flow) with cement consumption equal to 570 kg/m3. It was established that the adding of limestone
powder in amount of 38 % together with the superplasticizer causes increasement of compressive
strength in 3, 7, 14 and 28-day in the range of 41.3, 56.5, 59.3 and 69.0 MPa respectively that correlates
with compressive strength of existing SCC with other fillers [38]. The introduction of limestone powder
provides high density of concrete (2438 kg/m3) that exceed existing results [39] and could enhance
corrosion resistance and high durability. The developed SCC demonstrated 55 cycles of
freezing/thawing, low rate of water permeability in the range of 1.6 MPa that can be explained by high
water retention capacity on increase of the hydration degree by creating a high dense homogenous
structure of the concrete.
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Abstract. Energy efficiency building envelopes (walls, floors, facades) should meet the
requirements of regulatory documents. The main attention is paid to structural and technological activities
aimed at increasing the thermal resistance of protections. Estimates of the thermal stability of the wall are
required for realization of high thermal resistance of the wall structure. The object of study is a simple
model of the building envelope. It has been shown that the increased thermal conductivity, thermal
resistance does not always provide the steady-state temperature faces the wall. Research method is
based on the analysis of the properties of the Cauchy problem. In this article it is found out the
connection between the active (thermal resistance) and reactive (accumulation) resistance enclosure on
the model of one-dimensional wall.

AHHOTauuA. SHeproaddeKkTUBHOCTL OrpaXKaatoLmnX KOHCTPYKLMI (CTEH, NepekpbiTun, dacagos)
OOMKHa COOTBETCTBOBaTb TPebOBaHUSM HOPMAaTMBHBLIX OOKYMEHTOB. B HacToswee BpemMs OCHOBHOe
BHUMaHWE yaenseTcs KOHCTPYKTUBHO-TEXHOMOMMYECKUM MEPONPUATUAM, HanpaBreHHbIX Ha yBenmyeHme
TEPMUYECKOro COMPOTUBNEHNS OrpaxaeHun. Peanu3aumsa noBbILEHHOrO TEPMUYECKOro COMPOTUBIIEHNS
CTEHOBOW KOHCTPYKUMM TpebyeT OLLEHOK TEPMUYECKOW YCTOMYMBOCTU CTeHbl. OOBLEKTOM MccrneaoBaHus
ABNAETCA MHOrOCnonHas orpaxgatowasa KOHCTpyKuus. [lokasaHo, 4YTO MOBbILEHHOE Tepmuyeckoe
COMNPOTUBMEHNE TEMMOMNPOBOAHOCTM He Bcerga obecnedvBaeT CTaLMOHApHOCTb TemnepaTyp rpaHen
cTeHbl. B paboTe onucbiBaeTcs BaXHOCTb Creaylowmx (akTopoB: ONTMMM3aUMs TemrnepaTypHO-
BNaXHOCTHOrO pexuMa CTEH; BUSIHWE BKNIOYEHUN Ha BENWYMHY NoTepb TennoTbl; BUSHWE ABOWHbIX
dacagoB Ha Tennosble NoTepu; aPPEKTUBHOCTb MPUMEHEHUS HOBbIX TEMNNOU3ONALMOHHBLIX MaTepmnanos
Ha TepMU4ecKoe ConpoTUBIIEHME N 3HEeProdpeKkTMBHOCTbL. B AaHHON CTaTbe BLIACHAETCSH CBA3b MeXay
aKTMBHbIM  (TEepMUYEeCcKoe COMpOTMBIIEHME) W PeakTMBHbIM  (aKKyMymnsuusi)  COMpPOTUBIIEHUSAMM
orpaxgeHus Ha Mmogenu OAHOMEPHOW CTEHKM.

Introduction

Optimization of temperature and humidity of the walls [1], impact of inclusions on the magnitude of heat
loss and thermal resistance of protections [2], the influence of the double facades on heat loss [3], the
effectiveness of new insulating material, including membranes fire, for thermal resistance and energy
efficiency [4], cetera are studied. But from the list of particular problems, as a rule, issues of thermal
stability of fences and related issues determining the accumulation of heat protections are overlooked.

Statcenko E.A., Ostrovaia A.F., Musorina T.A., Kukolev M.I., Petritchenko M.R. The elementary mathematical
model of sustainable enclosing structure. Magazine of Civil Engineering. 2016. No. 8. Pp.86-91. doi:
10.5862/MCE.68.9
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The accumulation capacity enclosure determines the amount of heat which is essential to maintain
the desired temperature level, and the walls enclosing the room when the temperature of the external
source (sink) is rising. Construction is thermally stable if the rate of temperature changes at any point of
the structure does not exceed a certain limiting value. Otherwise, if the temperature of the building

envelope T=T(t,x), then max

< Ct ; or, too, the speed of temperature change is uniformly bounded

xeX
on X values spatial coordinate x.

The article [1] considers thermal properties of different structural systems of ventilated facades. In
[3], the authors explain the sufficient conditions necessary for the existence of free convective flow in a
vertical slot channel.

Problem solutions of hydraulics non-isothermal free-convective flows of hinged ventilated facade
are less represented. The number of articles on thermal transmission and hydrodynamics of ventilated air
spaces of hinged ventilated facade is less then number of articles on optimization of the thermal
resistance of wall fences.

The problem solution of energy saving in buildings is the subject of many studies. Calculation
method of the coefficient of heat engineering design efficiency, taking into account the influence of
structural elements, is proposed [5-6].

At present, the issue of the influence of the building envelope thermal protection level on the
amount of thermal energy losses in the building, which is considered in the article [7].

The purpose of the article is to clarify relation between the active and reactive resistances
protections on the model of one-dimensional wall

For this purpose it is necessary to complete next tasks:

1. Consider the three inequalities that express restrictions on the instantaneous temperature of the
wall;

2. To analyze the properties of the Cauchy problem.

Methods

In normalized coordinates the problem is posed as follows:
u 0
ot ox

@_Dm + ho(B(6) — u(t, 0)) = (Z—Z)

where u (t, x) — the wall temperature, x — coordinate (in fractions of a wall thickness 3), t — the
a0T
T
2

T
(a(x)g),t >00<x<1;
(1)
+ hy(u(t, 1) — 6,(6)) = 0,t > 0,u(t,0) = 0.
1

xX=

dimensionless time (the number of Fourier t:=g = — "physical" time), 00,1 — temperature of

source, hot and cold, respectively (given), ho,1 — dimensionless thermal transmission from an external
source to the wall with hot and cold side (Biot number, specified), a=a(x) — reduced coefficient of thermal

A
a=——

conductivity, ot , given. This structure of wall is shown in Figure. 1.

Cranenko E.A., OctpoBas A.®., Mycopuna T.A., Kykones M.U., Ilerpuuenxko M.P. Ilpocras mopenb
TEIUIOYCTONYHNBOM OTpaKAa0ICHH KOHCTPYKINH // HKeHEepHO-CTpouTebHbIH xypHaL 2016. Ne 8(68). C. 86-91.
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Figure. 1. The temperature distribution over the thickness of the wall

Boundary-value problem (1) is well known in the classical theory [8, 9]. Traditional methods of its
solution badly work at temperatures of external sources and thermal transmission coefficients, changing
in time [10-11].

It is important to note three inequalities expressing constraints on the instantaneous wall
temperature:

0,(t) < u(t, 1) < u(t,0) < 6, (t) (1.1)
and properties of the semicontinuity of limit wall temperatures as functions of Biot number. That is:
0, (t) = limsup u(t,0),6; < liminfu(t,1). (1.2)
hy—o hy—oo ’

In order to simulate the temperature distribution, u = u (t, x) the integral identity which is obtained
from the equation of the boundary-value problem (1) [8-9, 12] is used:

ifu(tx)dsz(e —u(t,0)) — Hy(u(t, 1) — 6,)
at) R0 T E e )

HO = a(O)ho, H1 = a(l)h1

The left side of identity (2) is instantaneous speed of the average fence temperature change, that
is measure of its thermal stability. On the right side of (2) the balance of the heat flux, "corrected"”
(authors multiply by coefficient of thermal conductivity in the limit points x = 0, x = 1) with account of the
variability of the wall thermal properties along the heat flow [13, 14] is written.

Identity (2) can be converted to a differential equation for the limit temperature u(t, 0) := 9, (v).

Let us assume that u(t, x) = Joexp(—m(t)x). Due to the expression (2) we get:

d (9
wr <EO (1- e—m)> = Hy (8o — 99) — Hi(95e™™ — 6,) = 0, 2.1)
where obviously 9,(0)=0.

If m<<1 we obtain the following Cauchy problem for the determination 9, (t):

do
d—t" + (Hy + Hy)Oy = HyBy + Hy0,,9,(0) = 0 3)

Statcenko E.A., Ostrovaia A.F., Musorina T.A., Kukolev M.I., Petritchenko M.R. The elementary mathematical
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ho6o
ho+9,’
iteration. As seen in ho<<l assumption concerning the smallness of the m (t) is correct. Conversely, if
ho>>1, then m(t)=00(t). Then the temperature approximation has the form (3.1):

u(t, x) = 99(t) exp(—x6,(0)). (3.1)

Then, 9, (t) = 9,exp(—06,(t)), from which we immediately obtain that the ho>>1 temperature of
Yo (1)
910

Knowing 9, (t) and making use of identity m = we can find the exponent m(t) for the next

hot source 6o(t) is the logarithmic average of wall temperatures in limiting points: 0,(t) = In

Results are based on simple properties of the solution (4) of the Cauchy problem (3).

Results and Discussion
These properties are formulated as lemmas without evidence.

Lemma 1. The solution of the Cauchy problem (3) has the form:
t t
800) = [ty + H0@exp | - [ty + ) (@)do | e @
0 T
T, ® — integration variables.
Lemma 2. Let t—o0. Then:
Hy + H;
Otherwise, the limiting (conservative) value of the temperature of the “hot” wall face is equal to the

weighted average (based on thermal transfer, "corrected" to the wall thermal diffusivity nonuniformity)
temperature of the hot and cold sources.

lim 8,(¢) = (

t=oc0

Lemma 3. Let the "corrected” thermal transfer coefficients (Hi=0.1) and the temperature of the
source (0i=0.1) are constant. Then the solution (4) takes the form:

Hy,0, + H,0
80(8) = = — (1 = exp(=(Ho + H)D)) 42)
Further:
dﬁo/dt = (H090 + Hlel)exp(_t(Ho + Hl)) t_)oo +0 (5)

The article [15-17] revealed the fact that the regulatory requirements to the level of thermal
protection were lower, even though slightly, than in the requirements of the standards in 2003
(Russian Set of Rules SP 23-02-2003). Consequently, the building meets the requirements of the current
Set of rules, would not provide the necessary heat protection in the present circumstances. Moreover,
many construction companies do not always comply with them.

Expression (5) is also valid for slowly varying distributions 6i=0.1 (temperature of sources) Hi=0.1
(thermal transfer coefficients).

If the temperature of the hot wall face changes linearly, then for any finite value t> 0 of the cold
source changes exponentially with time: 6,(t) = exp(tH,). Otherwise, the rate of change of the
temperature of the source and the wall faces is different: an exponential change of source temperature
leads to a linear change in the wall face temperature.

In all cases, the wall storage capacity smoothes the temperature fluctuations on the wall surface.
storage capacity (smoothing changes in temperature of sources — air) of the construction fence is the
more, the more the value of the mentioned above thermal transfer coefficients Hi=o,1, that is, the more the
thermal diffusivity coefficients ai=0.1 of the wall faces. Thus, the implementation of the increased thermal
resistance of walls through the use of heat-insulating materials with low thermal diffusivity comes into
conflict with the thermal resistance of the fence. As it show in the article [18-20] thermal resistance of the
ventilated facade is increased.

Craneako E.A., OctpoBas A.®., Mycopuna T.A., KykomeB M.U., Ilerpmuenko M.P. Ilpocras monems
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10.

Conclusions

1. If Ho=0, hot wall face is insulated, the instantaneous speed of the hot wall temperature
(dQo(t)/dt) is determined only by the "cold" source:

dﬁo/dt = ngl(t)exp(—tHl)
rate of temperature change does not exceed the set values for all
tH,exp(—tH;) of the cold source temperature 01(t):

2. The maximum

do
dzﬁo/dtz = (_1H1 - H%Hl) eXp(_tHl)

dt

(5.1)

(6)

3. When the final heat transfer on hot and cold faces, we have:

a0 do
d429, /dt? = <—0H0 L

dt dt

+——H; — (Hy + Hy)(Ho0, + H191)) exp(—t(Hy + Hy))

(6.1)

4. So, when the linear (low) temperature changes reduced brink 6oHo+01H1 source temperature is
proportional to exp(t(Ho+Ha)).
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TpeboBaHusa K maTepuanam, npeactaBnsemMbiM K nydnukaumnm

MaTtepuanbl NpyHMMAaKOTCA TOMBKO Yepe3 CUCTEMY SMEKTPOHHOM pepakumm xypHanos CII6ITIY.
ABTopam Heobxogumo 3aperucTpupoBatbca B cucteme (http://journals.spbstu.ru/) n nogatb cTaTbio
yepe3 Hee, NpeaABapUTENBHO O3HAKOMMBLUMCH C HWXENpuUBEOAEHHbIMU TpeboBaHWsSMW U YCNOBUSIMU
onybnukosaHus. Nybnmkaums B xxypHane becnnaTtHa Ans aBTOPOB.

JTnyeckme HOpMbI U aBTOPCKME NpaBa

lMogaBas cTaTblo B >XypHan, aBTOp COrfallaeTcd Ha YCNoBWUS MULEH3WOHHOro Aoroeopa, B
YacTHOCTW, Ha TO, YTO BCe cTaTbu 6e3 UCKNYeHus nybnuKkylTcsa B OTKPbITOM AOCTyNe Ha cante
XypHana un B HayyHon anektpoHHon 6ubnuoteke Poccuu. Takke aBTop NoaTBeEpXKOaeT, 4To cTaTbs
ABMNSETCA OpUIrMHanbHOW, paHee He OonybrnMKoBaHHOW, COAEPXWUT TOSNbKO MPOBEPEHHbIE U TOYHbIE
AaHHble; ntobble AaHHbIe, NONYyYeHHbIE HE aBTOPOM, UMEIKOT COOTBETCTBYIOLUME CChINKN Ha UCTOYHWK.

TemaTtuka u A3bIK cTaten

B  «MHxeHepHO-CTpOUTENBHOM  XypHane»  NyGnuKylTCA  OpurMHanbHble, paHee  He
OnyGnMKOBaHHbIe CTaTbM, CoAepXallue MosflyYeHHble aBTopaMu HOBble HayuyHble pe3yrnbTaTtbl, MO
TemaTvke «CTpoutenbcTBo». [lpyHUMalOTCA CcTaTbW TOMbKO Ha aHIMuiAcKoM s3blke. MeTagaHHble
(aHHOTauUMs, KMOYEBLIE CIOBA, CMUCOK NUTepaTypbl) NodatoTcsl Ha ABYX A3blKax.

CTpyKTypa 1 cogepxxaHue ctaTten

CTpykTypa ctaTbn gormkHa cootBeTcTBoBaTh ctaHgapTy IMRAD (Introduction, Methods, Results,
and Discussion). BeegeHve pomkHO BkNtoyaTb 0630p nuTepaTtypbl MO Teme, Auckyccus (n/wnn
3akntoyeHne — Conclusions) — HyMepoBaHHbIE BbIBOAbI.

TexHU4Yeckne TpeboBaHUS K CTaTbAM

CraTtbu nogatotca B popmate docx (MS Word 2007-2013). dann ctatbn, nogaBaembli Yepes
SMNEKTPOHHYIO pedakumio, AOMKEeH codepXaTb TONMbKO cam TekcT, 6e3 HasBaHus, cnucka nutepaTypbl,
dammnuii n gaHHbIX aBTOpPOB. Bce 3Tn nons 3anonHSTCS OTAENbHO NpW nogadve yYepes dNeKTPOHHYI0
penakuuto.

PekomeHgyembii  obbem crtatem: ot 15000 pgo 30000 3HakoB € npobenamw.
Tabnuubl BbiNonHAWTCA cpeactBamu Word (He pucyHKamu) n pacnonaraiTcs BHYTPU TekcTa CTaTbu.
VnnocTpauny JomkHbl ObITb 4ONOMHUTENBHO NPeACcTaBneHbl B OTAENbHbIX rpadmyeckmx dannax (oguH
pucyHok — oguH cdann). Jonyctumele copmatsel: JPEG, TIFF, BMP. B TekcToBbIn hain unmntoctpaumm
TakKe JOIMKHbI ObITb BKMNOYEHbl. Bce 0603HaYeHns Ha pucyHKax AOMKHbI OblTb HA NaTUHULE.

Cnmcok nuTepaTypbl Ha pPYCCKOM $A3blke [AOMKeH ObiTb OOpMIEeH B COOTBETCTBUUN C
FOCT 7.0.5-2008. UuTtupyemas nutepatypa npvBoamuTcs obLimMM CNMCKOM B KOHLE CTaTbW B mopsigke
ynomuHaHus. NopsiAkoBbIN HOMEP B TEKCTE 3aKkrndaeTcsa B KBagpaTHble CKOOKW. TekCT cTaTby OOMKEH
cofepXaTb CCbINIKM Ha BCE WCTOYHMKM M3 CMCKa nutepaTypbl. Takke K cTaTbe nmpuraraeTcs Chmncok
nuTepaTtypbl Ha NatuHWUUe, oPOPMIEHHBIN B COOTBETCTBMM C MHCTPYKUMEN NO TpaHcnuTepauun cnmcka
nuTepaTypbl, pa3MeLLeHHON Ha caiTe n3aaHus.

AHHOTaLMA K cTaTbe

B XypHan nogaeTcsl pacluMpeHHas aHHOoTauus Ha [OBYX S3blkaX: PYCCKOM W aHINIUACKOM.
AHHOTaUMs1 [OSKHA MOBTOPSATb CTPYKTYPY CTaTbW: akTyanbHOCTb, LEeNb, MeToauka, pesynbTaThbl,
BbIBOAbI. AHHOTauusA gomkHa cogepxatb ot 100 go 250 crnos.

MNoapo6HbIe TpeGoBaHUA K CTaTbAM CM. Ha calTe XypHana:
http://www.engstroy.spbstu.ru/autors.html

Tpe6OBaHHH K MarcpuaiaM, NpcACTaBIACMbIM K Hy6HI/IK‘dHI/H/I


http://journals.spbstu.ru/
http://www.engstroy.spbstu.ru/autors.html

denepanbHoe rocyfapcTBeHHOe aBTOHOMHOE OGpa3oBaTernibHOe yupexaeHue
BbiCLLUEro o6pa3zoBaHus

CaHkT-leTepOyprckui nonutexHu4yeckun ynuBepcurtet MNetpa Benukoro

NH)xeHepHO-CTpOUTENbLHbLIN UHCTUTYT

n on M T E X LleHTp AonoNHUTENbHbIX NpodgeccuoHanbHbIX NporpaMmm

CaHkT-lMeTepbyprekuit 195251, 2. Cankm-Ilemep6ype, MonumexHuyeckas yn., 29,
NOAUTEXHMUECKMHA YHUBEDCUTET men/¢pakc: 552-94-60, www.stroikursi.spbstu.ru,

MNetpa Benukoro stroikursi@mail.ru

MpurnawaeTt cneunanmucToB NPOEKTHbIX U CTPOUTENbHbIX OpraHM3auui,
He uMmerwmnx 6a3oBoro NPoduUILHOro Bbiclero o6pasoBaHust
Ha Kypcbl npodeccnoHanbHon nepenoarotoBku (ot 500 yacoB)
no HanpaBneHu «CTpouTenbLCTBO» MO NporpaMmam:

M-01 «MpombIwneHHoe U rpaXxaaHCcKoe CTPOUTENILCTBO»
[Mporpamma BkNo4YaeT yyebHble pasgens!:

OcHoebl cmpoumesibHO20 dela

UHxeHepHoe o6opydoeaHue 30aHull u coopyXxeHul

TexHos02Uus1 U KOHMPOJIb Ka4ecmea cmpoumesicmea

OcHoebl npoekmupoeaHusi 30aHull u coopyxeHul

Aemomamu3ayusi npoeKmHbix pabom c ucnosb3oeaHuem AutoCAD

Aesmomamus3sayusi cMmemHozo OdeJsia 8 cmpoumersnbcmee

YnpaeneHue cmpoumenbHol opa2aHu3ayuel

YnpaeneHue uHeecmuyuoHHoO-cmpoumesibHbIMU rPoekmamu. BbinonHeHue hyHKYUll mexHU4eCcKo20
3aKa3quka

M-02 «<OKOHOMMKA U ynpaBfeHue B CTPOUTENLCTBE»

[Mporpamma BkNo4YaeT yyebHble pasgens!:

e OcHoebl cmpoumesnibHO20 dena
UHxeHepHOe ob6opydoeaHue 30aHull U coopyxeHul
TexHosi02us1 U KOHMPOJIL Ka4ecmea cmpoumesi.cmea
YnpaeneHue uHeecmuyuoHHO-cMmpoumesibHbIMU rpoekmamu. BbinonHeHue hyHKYuli mexHU4YeCKo20
3aKa34uka u eeHepasibHO20 Moopsid4uKa
YnpaeneHue cmpoumenbHoU op2aHu3ayuel
AKoHoMuKa u yeHoobpasoeaHue e cmpoumersnbcmee
YnpaeneHue cmpoumenbHoU op2aHu3ayuel
OpzaHu3ayusi, ynpaesieHue u niaHupoeaHue e cmpoumersbcmee
Aesmomamus3sayusi cMmemHo20 desla € cmpoumersnbcmee

M-03 «MHXeHepHbIe CUCTEMbI 34aHUA U COOPYXEHUN»

[Mporpamma Bkno4aeT y4ebHble pasgens:

o OcHO8bI MexaHUKU XuOKocmu u 2a3a
UH)xeHepHoe o6opydoeaHue 30aHull U coopyxeHul
lMpoekmupoeaHue, MOHMa U 3KCrJIlyamayusi cucmem eHMUIAYUU U KOHOUYUOHUPOB8aHUsI
lMpoekmupoeaHue, MOHMa U 3KCIJIlyamayusi cucmem omorsieHusi u menyocHabxeHus
lMpoekmupoeaHue, MOHMaX u 3Kcryamayusi cucmem eodocHabxxeHusi u eodoomeedeHust
Aesmomamus3sayus npoekmHbIx pabom c ucnosib3oeaHuem AutoCAD
AnekmpocHabxeHue u 3nekmpoobopydoeaHue 06bLeKmMoes

M-04 «MpoekTupoBaHme U KOHCTPYUPOBaAHUE 34AHUN U COOPYKEHUN»

[Mporpamma BKo4aeT y4ebHble pasgens:

e OcHOebI conpomuesieHusi Mamepuasioe U MexaHUKu cmep)xHeeblx cucmem
lMpoekmupoeaHue u pacyem ocHogaHul u ¢pyHOameHmMoe8 30aHull U CoOopyXXeHul
lMpoekmupoeaHue u pac4yem xese306eMOHHbIX KOHCMPYKYUU
lMpoekmupoeaHue u pac4em Memasnu4ecKkux KOHCmMpyKyul
lMpoekmupoeaHue 30aHull u coopyxeHull ¢ ucrnonb3zoeaHuem AutoCAD
Pacyem cmpoumesnbHbIX KOHCMpPYKYul ¢ ucrnosib3oeaHuem SCAD Office

M-05 «KoHTponb KayecTBa CTpOUTENbLCTBa»

[Mporpamma Bkno4YaeT yyebHble pasgens!:
e OcHoebl cmpoumesnibHO20 dena
UHxeHepHOe o6opydoeaHue 30aHuUll U coopyeHul
TexHosi02Us1 U KOHMPOJIL Ka4ecmea cmpoumesicmea
lMpoekmupoeaHue u pacyem xesie306emoHHbIX KOHCMPYKYUU
lMpoekmupoeaHue u pac4dem Memasnu4eckux KOHCmMpyKyul
O6cnedoegaHue cmpoumersibHbIX KOHCMPYKYul 30aHull u coopy)xeHul
BbinonHeHue hyHKyUli mexHUYECKO20 3aKa34yukKa U 2eHepasibHo20 rnoodpsi0qyukKka

Mo okoH4YaHUM Kypca cnyluaTenio BbiaaeTcsi AUNNOM o npodecCUOoHanbHON NnepenoaroToBke
yCTaHOBJIEHHOro o6pasua, garowum npaBo Ha BegeHue npodeccuoHanbLHON AeaTeNnbHOCTH
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