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5. SUB-SYSTEMS FOR ENVIRONMENTAL CONTROL 
While the previous chapter dealt with selected materials, this will review a few of the assemblies and 

components (sub-systems) serving the purpose of environmental control to prepare the ground for the 

next volume of this book that will address environmental performance of whole buildings.  

5.1 EXTERIOR THERMAL UPGRADE OF EXISTING BUILDINGS: PLASTER ON 
THE LAYER OF INSULATION  

Portland cement plaster (PCP) and stucco1 are two terms used interchangeably. The following section 

describes a traditional stucco system placed on wood based sheathing in a frame wall construction 

that is filled with thermal insulation. Of course, the wood based sheathing can be replaced by 

inorganic board e.g. exterior gypsum; magnesium oxide etc. and a continuous thermal insulation can 

be placed over the wood frame wall and the board so the discussed system can be used in new 

construction or thermal upgrade of different existing buildings. 

 

Figure 1: Portland-cement plaster (stucco) on wood based sheathing and on wood-frame wall.  

Sheathing board If plywood or OSB is used, the boards should be positioned with long axis along the 

studs and 3-mm (1/8 in) gap at vertical and horizontal joints to accommodate any swelling that may 

occur.  With these gaps between sheets the sheathing is not airtight and this situation may lead to 

deficient thermal and moisture performance. 

Inorganic substrate for the stucco is better than the wood-based products because of:    

 crystals of the stucco enter into the pores of the substrate, 

 chemical reactions with the substrate may take place improving the adhesion. 

                                                             

1
 We use the term stucco because our recommended binder is a Portland cement mixed with pozzolanic 

materials and hydraulic lime.  
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If the stucco is applied to a brick veneer, typically the outer 10 to 15 mm of the mortar joints between 

the bricks are not filled this allows the stucco to be worked into those joints developing a mechanical 

connection with the brick veneer. The limitation of the depth of the joint is related to uniform drying of 

the stucco. 

Water resistive barrier (WRB) If a wood based sheathing is used, one requires use of a WRB 

(weather barrier, drainage plane) behind the stucco in form of asphalt-saturated Kraft paper, plain or 

crimped spun-bonded, cross-woven membrane or other type of WRB. The required vapor permeance 

of the WRB depends on climate and varies from low to high permeance.   

 Metal-lath This reinforcement should always be used if the substrate does not provide a satisfactory 

bond or one must provide a crack-bridging ability in the stucco. Different types of reinforcement are 

used: expanded-metal lath (diamond mesh), woven-wire mesh, self-furring lath, or welded-wire lath. 

Cement plaster In a traditional application of the base coat, the thickness of this coat also known as 

the scratch coat varies from 9 to 12 mm (3/8” to ½’) while the second coat (brown coat) is about 9 mm 

(3/8” in).  In a fire-rated assembly the thickness of the base coat must be a minimum 20 mm (3/4”) or 

23 mm (7/8”) if acrylic finish coat is used. 

The sequence of stucco layers is always from the strongest (scratch coat) to the weakest (finish 

coat), This sequence is necessary for two reasons: (1) to prevent warping of the stucco and (2) to 

ensure an increase of the vapor diffusion capability towards the exterior.  

Shrinkage of the stucco measured between day 1 and day 28 varies between 0.3 to 0.5% and to 

some extent depends also on the substrate. Stucco made with lime or weak lime-cement mortars is 

preferred because it does not have large shrinkage cracks. Furthermore, a  cement-rich mortar 

requires better curing conditions and often also pre-wetting of the masonry before its application. The 

maximum allowable wall deflection is typically L/240.  

Water absorption Typically, scratch and brown coats have 4 – 5 % water absorption in 6 hours and 

11 to 13% water absorption in 2 days exposure (total porosity 22 – 31 %). 

Bruckmayer2 showed that lime mortar has drying rate similar to that of the clay brick, while the cement 

mortar dries at the rate similar to that of the concrete (i.e., about 10 times slower). Kruger (1925) 

showed that lime-cement with coarse sand dries faster than with fine sand (large quartz sand is best). 

Stucco dries significantly slower than the clay brick.  

Thermal expansion coefficients are:  

 lime stucco 8 to 9 x10-6 

 Portland cement stucco 8 to 11 x10-6 

 Masonry with clay-brick 5 x10-6 

 Wood 6 x10-6 

 Concrete 10 to 14 x10-6 

 Steel 12 x10-6 

 Sandstone 13 to 18 x10-6 

In response to the failures of face-sealed stucco systems in coastal area of British Columbia, the city 

of Vancouver introduced in 1996 a mandatory requirement for stucco wall assembly to include a 

                                                             
2
 Notes from lectures at Institute in Vienna, obtained from L. E. Nevander 



236 

 

vertical drain cavity. The advantage of the rain screen approach in reducing moisture loads acting on 

the wall assembly is well known. Not so evident are, however, the disadvantages of this approach. It 

requires elasticity or mechanical strength of the stucco system when subjected to the wind loads, 

movements and deformations. We therefore recommend use of the drainage mats instead of an 

empty air cavity. 

Stucco itself provides a significant resistance to water ingress and the amount of water passing 

through the stucco layer that could come into contact with the water resistive barrier is small. The 

water resistive barrier, placed between the exterior stucco and sheathing board, is tested and 

classified according to the period of time when it resists water penetration3.  

The drying ability of a stucco assembly is important. While water vapor permeance is used as the sole 

criterion, this criterion alone is not sufficient to define the drying ability of stucco.  The drying rate of a 

stucco system consisting of a few material layers depends on both the permeance and the moisture 

storage ability of each layer as well as on the conditions that cause the removal of moisture from the 

stucco, i.e., boundary conditions. 

Therefore we must consider the following material characteristics: 

 Wetting ability of stucco  

 Local drainage ability of stucco 

 Water vapor permeance of each layer in the stucco system 

 Moisture storage of stucco system 

These characteristics may either be considered individually or lumped into parameters that affect the 

rate of wetting or drying, they are also affected by a number of material related variables. These 

variables include the number of coats, the dry mix composition (type of cement in the dry mix, type of 

sand etc), the type and amount of fiber reinforcement (if used), the water-cement ratio, the 

temperature and humidity during curing etc.  

An important aspect of stucco performance relates to the development and propagation of cracks. 

Our concern is limited to large cracks (macro-cracks) since local micro-cracks have no detrimental 

effect on stucco performance. Cracks are primarily originated by the cement plaster shrinkage, which 

occurs during initial curing and drying of the material. To reduce the shrinkage cracking, as much as  

possible, one must provide conditions of slow and uniform drying and unrestrained deformation. While 

unrestrained deformation is possible only at the stucco edges, this concept may be used and details 

of stucco termination may be designed in the appropriate fashion. A typical example is the stucco 

termination around the windows. The appropriate sealing (caulking over a backer rod, gasket, bead-

applied foam and surface finish) is installed only after the primary shrinkage has been completed. 

5.2 EXTERIOR THERMAL INSULATION COMPOSITE SYSTEMS  

Wall assemblies with an exterior insulation finish system (EIFS4) contain insulation, typically 

expanded polystyrene board, and a fiberglass mesh reinforced synthetic coating system applied to 

the exterior face of the foam board known as the lamina (Figure 2).  The lamina is composed of one 

or two layers of a base coat that embeds a reinforcing glass fiber mesh, and a finish coat.  Each of the 

elements making the EIFS has a clearly defined function such as mechanical support (strength and 

                                                             
3
 This concept is vague and the actual classification depends on the test method used.  

4
 In Europe, the Exterior Insulation and Finish Systems is called Exterior Thermal Insulation Composite System  
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rigidity), reduction of heat flow, bonding (adhesion), and resistance to crack initiation, as well as 

resistance to water ingress and surface texture / appearance. Originally the European EIFS used 

thicker base coats, and galvanized-steel corner beads, J-molds, and control joints much like the 

traditional cement plaster 

In North America, where wood or light-gauge steel frame walls prevail, this system had to be adapted 

to larger deflections resulting in a reduced base coat thickness (to a nominal 1.6-mm (1/16”) to 2.5 

mm (3/32”) thickness, providing athe skin-like quality and which also aids a faster pace of installation. 

Since the coating (classified as a Polymer-Based) is inherently more flexible than the substrate; and 

the insulation is selected so that it can provide a transition for differential movements, the system may 

be built without control joints. The reinforcing mesh made of fiberglass is encapsulated in the middle 

of the base coat to enhance the impact resistance and dimensional stability of the lamina. The 

principal method of attachment of the insulation is by adhesion – typically using the base coat as the 

adhesive. Some mechanical fasteners (though introduced much later) are now popularly used. If a 

stiffer insulation material is used e..g., extruded polystyrene or another insulation with less 

deformation capability, a thicker mesh or  an extra layer of mesh (2A in Figure 2) is laid on top of the 

insulation, and the mechanical fasteners can be installed, approximately 1 per 0.09 m2 (1 per sq. ft), 

through the mesh, before the base coat was applied.   

 

Figure 2: Example of EIFS assembly: (1) insulation board, (2) standard reinforcing mesh that is 

incorporated in (3) the base coat of the EIFS lamina. Lamina is covered with (4) a finish coat.  The 

drawing on the right shows an additional heavy duty reinforcing mesh (2A) to provide additional 

impact resistance in the areas of heavy exposure or when less elastic (than EPS) insulation material 

is used. 

Today, the thickness of the EIFS lamina may range from 2.5 to 6 mm.  Normally, there are no control 

joints. The mesh may be fully encapsulated, and mechanical fasteners may be required, but typically 

they are not necessary. The fasteners may or may not be installed through the reinforcing mesh.  

When transferred to North America, these systems were applied to either similar (masonry), or 

dissimilar (wood frame and light-gauge steel) construction.  Differences occurred in two respects:  

(1) Movements and deflections of the substrate and  

(2) Moisture sensitivity materials such as gypsum and wood based products.   

During 1990’s a few well publicized failures occurred as the effect of the coincidence of several 

reasons: 
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 Moisture sensitive materials (in contrast with Europe where they are not allowed), are freely 

used in North America 

 EIFS was used as a face-sealed system (barrier system), so that failure of the wall system on 

wall-window interface resulted into water entry into the moisture sensitive materials 

 Laboratory testing of windows (at this time) did not include interface with the wall 

 Acrylic finish coats with low water vapor permeance that  were used did not allow rapid drying  

 

These failures, were settled out of court with industry agreeing to use a moisture management 

strategy with "multiple" lines of defense in all North American residential construction. The term 

“multiple-element rain protection strategy” can be interpreted as follows: 

1. The cladding is the first line of defense against rain penetration.  It minimizes the passage of 

water into the wall.   

2. The second line of defense manages water in one of the following means: 

(a) Reducing entry through material having low water absorption and significant moisture storage  

(b) Providing barrier to water flow in form of a capillary break combined with diffusional drying 

(c) Using drainage layer to redirect water to the outside through drainage holes and a flashing 

The extent to which each of these features contributes to the system performance depends on the 

climate, the wall orientation and exposure, characteristics of the cladding and moisture susceptibility 

of the materials used in the wall.  Moisture storage in walls is generally acceptable, provided that the 

presence of this moisture does not affect the durability of the wall and that moisture dries within a 

predicted period. The limits of moisture storage in any material or component of the system depends 

on the whole system performance, not on the rain penetration control alone. Indeed, to evaluate the 

durability of a wall, one must be able to predict a degree of system deficiency, actual climatic 

conditions in the vicinity of building, frequency and duration of wetting periods and drying capability of 

the wall. In this context, we must evaluate if, and for how long, the moisture content of moisture-

sensitive materials exceeds the critical moisture content with regard to durability.  

 

 

 

 

 

 

 

 

 

 

Figure 3 Poor quality ETICS system with multiple cracks around staircase window is caused 

by uneven thickness of base coat, authors’ archive 
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Figure 4:  ETICS wall failures in Europe: a) a staircase window with damages caused by rain water   

 ingress and poor design of wall- window interface (see section 5.7) and b) in areas of lower  

air temperature and higher relative humidity show blistering of interior paint caused by a  

high moisture content in the masonry wall.  This in turn, is an effect of inadequate moisture 

management design of the ETIC system. 

The wall must also be provided with an air barrier system different from the cladding assembly, 

because rain penetration may be aided by the air pressure difference. Furthermore, the continuity of 

air barrier as well as both lines of moisture defense (including joints, junctions and penetrations) must 

be ensured through a proper design and systematic approach to the building site  

From building physics point of view, the reaction to the EIFS failures exceeded the cause. While 

drained air gaps may be needed in extreme climatic conditions, EIFS with adequate water vapor 

permeance of the finishing layer and diffusional drying through ultra-thin air gaps may be sufficient for 

most of the less exposed areas.  

Note: Another variant of EIFS applied to masonry systems is today also popular in some European 

countries. Because of uneven surface of masonry the thickness of the base coat layer is allowed to 

vary. To counteract the uneven drying and related shear in the base coat, a thin finishing layer is 

applied to the layer of adhesive primer. While this system would work well with very permeable 

finishing layer, in many cases the coating is not permeable enough and the hygrothermal stresses will 

cause blistering and damage to the paint layer. 

5.2.1 Need for a formal QA program for EIFS installation 

Talking about performance of EIFS, one often discusses the applicator’s skills and responsibilities.  

The EIFS manufacturers are quick to point out, when something goes wrong, that they only sell a 

product and cannot be held responsible for the design errors or the misapplication of the 

subcontractor. The overlapping responsibilities, both practical and legal, of the trained applicator, 

general contractor, manufacturer’s representative and architect can be confusing and can also lead to 

construction errors.  Architects and general contractors have to be able to rely on those who know the 

system best -- the trained applicator and the EIFS manufacturer. 
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There is a consensus that while four parties are concerned with installation of the EIFS system -- the 

manufacturer, the applicator, the general contractor and the architect – there is no clear division of 

their responsibilities. Manufacturers of the EIF systems, however, want their systems to be promoted 

as low maintenance cladding.   

For these reasons one needs to introduce a performance based quality assurance system5.  Only a 

QA system that ensures continuity from the design through the qualification of materials (audit of QA 

programs), the installation process (training and installer certification, warranty conditions) and the 

onsite inspection to the commissioning stage of the building envelope. While the QA process is 

beyond the scope of this book, the review of the issues affecting EIFS long-term performance is not.  

The following list addresses some of the long-term performance issues. 

To reduce the possibility of the joint failure: 

 Locate the expansion joints in the following areas: 

- where expansion/contraction joints occur in the substrate 

- where different material changes  

- where significant structural movements occur 

- where deflection channels or similar are provided to the main structure, to 

accommodate the building frame shrinkage 

 Minimize the movement of the substrate in wood frame structures by using wood with moisture 

content in time of installation less than 19% (by weight) but no less than typical hygroscopic 

moisture content 

 Ensure that edges of foam board are only covered with reinforcing mesh and base coat (no finish 

coat).  When needed, use a primer to enhance the adhesion between the base coat and the 

sealant 

 Ensure proper design of joints which involve sealants (minimum 12 mm width) presence of backer 

rod etc. 

 Use double reinforcing mesh at all openings and board terminations 

 Stagger board joints and interlock board ends at corners 

To reduce the possibility of the crack development 

 Use double mesh (45 angle) at all corners in windows, doors and similar points of possible crack 

initiation 

 Unless providing an expansion joint, ensure that all foam boards are tightly fitted together at 

edges and flush to eliminate thickening of the base coat 

  Eliminate “v” joints 

 Insulation board must be at least 18 mm (3/4 in) thick after cutting the esthetic grooves 

To reduce the possibility of the base coat softening  

 Do not place EIFS in contact with ground or in otherwise damp environment 

 Protect the base of the EIFS cladding from ground “splash back” (200 mm space often required 

for termite protection is a minimum that requires proper back-wrapping of the foam and caulking at 

termination)  

                                                             

5
 Bomberg and Lstiburek, Use of the spray polyurethane in building envelopes”, 1998, chapter 5, Technomic Publ. Co.,  
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 Eliminate ledges from all horizontal joints 

 Use proper detailing to eliminate standing water on parapets etc. 

 Use double reinforcing mesh at all openings and terminations, particularly at foundation 

It is evident from the discussion on potential EIFS problems and issues affecting EIFS long-term 

performance that design of proper EIFS details are as important as proper training and certification of 

installers. 

5.2.2. Proprietary polyurethane foam lamina systems 

Figure 5: Two proprietary projects of Masterbond-SP in Boston, MA with different finishes on  closed 

cell polyurethane insulation. Over a 20 year period about 140 buildings were insulated with this 

system in Canada and US and they did not show any deterioration. Yet the system required too much 

field work to be successful in the market place 

Closed cell polyurethane foam (ccPU) can perform several environmental functions (heat, air and 

moisture control, Bomberg and Lstiburek (1998) noted that applying it on the exterior of the building 

offers different advantages. Masterbond-SP used a patented system of polyurethane planning under 

vacuum to remove the skin layer and provide plumb and smooth surface on which synthetic stucco 

could be applied. The inventor has even used this system for insulating his motor-home that after 

driving a few thousand miles did not show any cracks..  

Beijing Zhenli High New Technology Co., Ltd originally introduced polyurethane foam and leveling 

layer of "mineral binder and expanded polystyrene granule insulating material for adhesion and 

leveling. The leveling layer was classified as the thermal insulation and therefore had limitation on the 

thermal conductivity that also limited durability of the system forcing them to abandon this technology. 

By use of expanded polystyrene they become another variant of ETICS.   

5.3 HYGROTHERMAL INSULATIONS: WORK OF TECHNICAL UNIVERSITY OF 
DRESDEN 

In contrast to the exterior placement of thermal insulation that reduces risk of moisture damage, the 

interior rehabilitation increases risk of freeze-thaw damage in masonry buildings. For this reason we 

are talking about materials with moisture buffer properties i.e., the use of the hygrothermal insulation 

for interior rehabilitation of masonry.  
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Figure 6 explains the principles of a capillary active insulation.  

 Figure 6: Principle of capillary active insulation (from Haeupl et al 1998) 

 Figure 7: Process of material development in the INSUMAT project 

      Figure 8: Difference in sorption exhibited by the two key components of the calcium silicate 
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The capillary active material is permeable to water vapor and has also a strong capillary action so that 

moisture condensed on its back (i.e. contact with the existing masonry) is effectively brought back to 

the interior surface where it can evaporate to the indoor air. The actual material for the capillary active 

layer was developed under European Union “INSUMAT” project by collaboration of industry and the 

TUD research team. 

As the fraction of each component changed with each new combination, so were all material 

characteristics such as the sorption curve, thermal conductivity, liquid water conductivity, water vapor 

transmission etc. For all new products one had to measure all material characteristics. Computer 

simulations were than performed to evaluate degree of improvement and compared to verification 

tests. After several trials (Figure 9) the best material was selected. This material was than extensively 

tested and compared with the results of simulations. 

    Figure 9: Some of the material characteristics measured in the project 

As the fraction of each component changed with each new combination, so were all material 

characteristics such as the sorption curve, thermal conductivity, liquid water conductivity, water vapor 

transmission etc.  For all new combinations one had to measure all material characteristics. Computer 

simulations were than performed to evaluate degree of improvement and compared to verification 

tests. After several trials (Figure 9) the best material was selected. This material was than extensively  

tested and compared with the results of simulations. 

We are reporting several material characteristics (Figure 9) to highlight that despite of the knowledge 

how the fraction of two solid phase components changes one could not predict how the hygric 

material characteristics change and all of them had to be determined experimentally. The next stage 

of the project included field measurements of temperature, moisture contents and heat fluxes in 

different locations. Measurements of moisture content behind the insulation and model calculations 

are presented in Figure 10 
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     Figure 10: Measured and calculated moisture content behind the insulation  

Figure 11: Results of the field measurements in Dresden building. 

Figure 12: Measurements of RH on the cold side of the insulation in periodically used space. 
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Figure 12 shows results of measurements performed in another building, in Nuremberg. This time the 

space was used periodically and the measured and calculated moisture contents show a similar 

pattern but also a systematic difference. 

The architect proposed a traditional solution (Figure 13), protect from the ingress of moisture by using 

closed cell, impermeable for water but permeable for water vapor foam glass.. 

 Figure 13: Profile of water content in the wall of Rijksmuseum in Amsterdam when 

 proposed by an architect solution - use foam glass on the interior 

This solution provided steady and high level of moisture on the inner side of the building. Replacing 

the foam glass with calcium silicate that acted as capillary active layer (Figure 14) provided much 

lower moisture content for most of the year 

.Figure 14: The same wall in Amsterdam with a layer of capillary active calcium silicate. 
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Figure 15: Measured and calculated performance of clay stucco and lime stucco (Courtesy Japan 

Institute for Cultural Properties in Tokyo). 

Figure 15 shows application of another two capillary active materials that were used for reconstruction 

of historic structures in Japan. 

In summary, this section demonstrate a good agreement of advanced hygrothermal models with 

measurements when boundary conditions are steady and well defined and somewhat poorer in peaks 

of moisture when boundary conditions are transient (Nurmberg). One can also observe that clay and 

lime stucco can be used as moisture buffer material in addition to calcium silicate that was pioneered 

material by TUD. Under development are also some variants of calcium silicate and magnesium oxide 

composites with organic fibers and hygroscopic aggregates 

Comparison of measurements and calculations 
of model wall in Sapporo (Period 1-5)
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