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Abstract: Below-grade structures such as parking lots, underground subway tunnels, and basements
are growing in scale and reaching deeper below-ground levels. In this type of environment, they
become subject to higher water pressure. The concrete material of the structures is exposed to wet
conditions for longer periods of time, which makes the proper adhesion of waterproofing membranes
difficult. Joint movements from increased structural settlement, thermal expansion/shrinkage,
and physical loads from external sources (e.g., vehicles) make securing durable waterproofing
challenging. While ASTM Guides, Korean Codes, and BS Practice Codes on below-grade
waterproofing stress the importance of manufacturer specification for quality control, ensuring high
quality waterproofing for the ever-changing scale of construction remains a challenge. This study
proposes a new evaluation method and criteria which allow for the selection of waterproofing
membranes based on specific performance attributes and workmanship. It subjects six different
waterproofing membrane systems (installed on dry and wet surface conditioned mortar slab
specimens with an artificial joint to different cyclic movement widths) to 300 cycles in water to
demonstrate that inadequate material properties and workmanship are key causes for leakages.

Keywords: waterproofing membrane; joint displacement; movement cycle; performance evaluation;
dry and wet surface adhesion; overlap joint; concrete structure

1. Introduction

For both above and below-grade concrete structures, waterproofing materials have often been
selected based on minimum performance requirements and physical durability tests. The scale of
below-grade construction today is larger and deeper, and structures face degrees of degradation that
have not been properly considered before. Construction and expansion joints in particular are subject
to heavier loads due to structural settlement and higher water pressure [1]. In these cases, conventional
waterproofing methods are not viable in these types of environments. For example, cementitious
systems have been considered as a proper waterproofing method for shallow foundation, below-grade
construction due to their high adhesion performance on humid concrete surfaces, and easy access for
repairs and maintenance [2]. In larger and deeper below-grade construction, however, cementitious
materials are not recommended due to their lack of crack-bridging properties and responsiveness to
structural settlement and joint movement.
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Many Asian countries are beginning to replace their waterproofing membranes with new types
designed specifically for below-grade construction. Existing standards, guidelines (specifications),
and test methods have not been updated to reflect the changing scale of below-grade construction.
Proper evaluation of waterproofing membranes can therefore be difficult. To remedy the issue,
this study proposes a new test method and evaluation criteria designed to assure quality
control for construction personnel including designers, manufacturers, engineers, and inspectors.
The demonstration of the test method shows that an objective evaluation of waterproofing membrane
installation workmanship is possible.

2. Below-Grade Waterproofing Membrane Systems

2.1. Below-Grade Concrete Structure Waterproofing Methods

In the case of below-grade concrete structures, there are positive side and negative side
waterproofing methods. Refer to Figure 1 for an illustration of this.
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waterproofing; (b) positive side waterproofing.

Negative side waterproofing allows for the penetration of water into the interior space of the
structure, where the water is discharged by the drainage system. This method commonly uses
cementitious materials which lack crack-bridging properties and chemical resistance. As it naturally
allows substrates to contact water, there is also a risk of corrosion. Positive side waterproofing on
the other hand, provides a barrier-like protection by preventing water penetration and substrate
contact [3]. This method commonly uses elastomeric membranes with high tensile strength and
chemical resistance. The downside is the high workability requirements and extra care required during
installation on wet surfaces. Many physical durability test methods evaluate both positive and negative
side waterproofing materials using the same criteria, without properly accounting for the differences
between the materials. The test method proposed in this study aims to avoid such problems.

2.2. Selected Waterproofing Membrane Systems for Evaluation

Five different types of composite sheet waterproofing membranes, and one single ply
sheet waterproofing membrane commonly used for positive side waterproofing were selected.
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The membranes were tested with Korean Industrial Standards (KS F 4917 and KS F 4935) compliant
methods. The details of each membrane are described below with an illustration shown in Table 1.

Table 1. Waterproofing membranes system installation layout on substrate surface (exposed).

System A: Non-Curable Asphalt Coating + Modified
Asphalt Sheet (Composite Sheet)

System B: Curable (Hardening) Asphalt Coating +
Modified Asphalt Sheet (Composite Sheet)
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System A: Non-curable asphalt coating + modified asphalt sheet (composite sheet)

This membrane is an asphalt waterproof sealant with 95% solidity. It is normally applied on
concrete substrates with a 1 mm thickness. A modified asphalt impregnated into a non-woven fabric
layer (>2.0 mm) is adhered onto the sealant, resulting in a total thickness of >3.0 mm. This membrane
is a composite type which does not require a primer.

System B: Curable (hardening) asphalt coating + modified asphalt sheet (composite sheet)

This membrane is a soluble asphalt waterproof sealant with 85% high solidity. It is normally
applied on concrete substrates two times in succession to form a layer with a thickness of >3.0 mm.
A modified asphalt impregnated into a non-woven fabric layer (>2.0 mm) is adhered onto the sealant,
resulting in a total thickness of >5.0 mm. This membrane is a composite type which does not require
a primer.

System C: Half-curable asphalt coating + modified asphalt sheet (composite sheet)

This membrane is a half-curing (hardening) asphalt compound comprised of high elasticity rubber
and high durability mineral filler agent with a >2.0 mm thickness. A modified asphalt impregnated
into a non-woven fabric layer (1.0 mm) is adhered onto the sealant, resulting in a total thickness of
>3.0 mm. This membrane is a composite type which does not require a primer.
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System D: High density poly ethylene (HDPE) film + rubber asphalt (composite sheet)

This membrane is a composite, self-adhesive type comprised of a 1.5 mm thick HDPE film and
a rubber sheet. Normally, a primer compound designed for asphalt adhesion is applied on the concrete
substrate in conjunction. The overlap joint is finished with asphalt sealant.

System E: Polyvinyl chloride (PVC) sheet + elastic coating (composite sheet)

This membrane is a polyvinyl chloride film combined with an elastic coating to form a layer with
a thickness of 2.5 mm. The PVC sheet is produced by combining nonwoven fabric and a mineral
elastic sealant film. The PVC sheet is applied on the concrete base and the overlap joint is finished by
hot-air welding.

System F: Spray type poly-urea coating (single-ply sheet)

This membrane is a poly-urea spray type coating material applied after primer application on
concrete substrates. In normal practice, the poly-urea is uniformly sprayed on the entire concrete
surface with spraying equipment to form a waterproof layer with a thickness of >2.5 mm.

3. Loading Modes and Exposure Conditions

The load factors in below-grade construction environments have not yet been clearly defined
in current international standards and test methods. The current test methods cannot provide clear
evaluation criteria, and relying on manufacturer specifications for quality control often leads to
poor waterproofing workmanship. It is important to clearly define the loading modes as they can
have a significant effect on waterproofing membrane durability. This study proposes three main
loading modes and exposure conditions in Sections 3.1–3.3. Section 3.4 compares existing international
standards to disclose a lack of connection between manufacturer specifications and performance
evaluation criteria. Section 3.5 explains in detail the proposed evaluation criteria, which are used while
demonstrating the test method.

3.1. Effects of Zero-Span Tensile Stress, Displacement Range, and Speed of Concrete Joint on
Waterproofing Membrane

Most tensile strength tests today are conducted with free-film specimens. A more realistic testing
method would require studying the effects of zero-span tensile stress on waterproofing membranes
applied on moving cracks. The JSCE Standard (JSCE 2002) lists zero-span tensile evaluation as one
of the requirements for determining waterproofing membrane performance. Studies in Japan have
revealed that the localization of waterproofing membrane cracking occurs directly over the concrete
joint displacement area [4].

3.1.1. Zero-Span Tensile Stress

Table 2 displays the effect of zero-span tensile stress on different types of waterproofing
membranes adhered over concrete cracks/joints. In the case of fluid-applied/coated/cementitious
waterproofing membranes, the elongation reaches from 0 to a (span) directly. The membrane breaks as
the tensile stress is applied directly on the adhesive bond between the membrane and the concrete
surface, as well as and the cohesive bond within the membrane itself.

In the case of composite membrane sheets, tensile stress distribution is interrupted by the
heterogeneous layers of the membrane structure. This mechanism explains why membrane types
should be evaluated by the same load modes. An evaluation of the displacement load response can
produce more realistic data on the performance of waterproofing membranes adhered over a moving
crack/joint, and is included in the proposed test method.
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Table 2. Zero-span tensile stress mechanism of waterproofing membrane on concrete joint.

Item Zero-Span Tensile Stress on Waterproofing Membranes

Diagram
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3.1.2. Joint Displacement Range, Speed, and Cycle

To assign a value for the variables that define the range, speed, and cycle number of the joint
displacement load, existing test methods on fatigue resistance, tensile strength, and crack bridging
have been studied. The studies reveal that the load behaviors of concrete joints/cracks differ by the
environmental parameters relevant to the respective national standards. The movement width, speed,
and cycle numbers are all subject to change based on the requirements of the test purpose. Refer to
Table 3 for the list of relevant test methods studied.

Table 3. Joint displacement range, speed, and cycle number conditions in ASTM and KS.

Standard Tested Property Speed/Rate Movement
Range Cycle Number/Criteria Applied Area

ASTM C1305 Crack Bridging 3.2 mm/h 3.2 mm 10×, breaking of
membrane roof/below-grade

ASTM D5849 Fatigue Resistance 1–2 mm/h
(5 different ranges) 1–2 mm (±0.05) 500× for unexposed,

200× for exposed roof/below-grade

KS F4934
Fatigue Resistance
Tensile Strength/
Tearing Strength

1 cycle/min or
200 mm/min 2.0 mm 20 ◦C 500× −20 ◦C 500× below-grade

KS F 3211
Fatigue Resistance
Tensile Strength/
Tearing Strength

5 cycles/min or
500 mm/min 2.0 mm 2000× roof/below-grade

KS F 4922
Fatigue Resistance
Tensile Strength/
Tearing Strength

5 cycles/min or
500 mm/min 2.0 mm 2000× roof/below-grade

KS F 2622 Fatigue Resistance 1 cycle/min 2.0 mm 400× roof/below-grade

KS F 4917
Fatigue Resistance
Tensile Strength/
Tearing Strength

1 cycle/2 min or
100 mm/min 2.0 mm 400× below-grade

KS F 4919
Crack Bridging Tensile

Strength/
Tearing Strength

1 mm/min or
100 mm/min 100 mm Until break roof

KS F 4935 Substrate Movement 1 cycle/min 4.5 mm 600 cycles below-grade

For this proposed test method, the crack/joint movement range outlined in “KS F 2622
Performance Evaluation Testing Methods on Membrane Waterproofing Method”, [5] was used to



Appl. Sci. 2017, 7, 1147 6 of 19

design the evaluation criteria. The displacement load speed was set to 50 mm/min and the total cycle
number was set to 300.

The displacement load width range was divided into four different widths to ensure that the
results take into account various types of movements that occur in below-grade construction. Refer to
Table 4 for the crack/joint movement ranges in the KS F 2622 standard.

Table 4. Crack/joint movement range in “Proposal on Composite Waterproofing Method
Evaluation Method”.

Width Range Description

2.5 mm

Lower end of dry shrinkage range of normal weight concrete (400 to 800 microstrains,
1 microstrain = 1 × 2.54−5 mm) [6]. Waterproofing membrane systems unable to withstand
this range of concrete displacement can be considered to be unsuitable for any
below-grade concrete structure.

5.0 mm

Higher end of dry shrinkage range of normal weight concrete. Waterproofing membranes
that are able to withstand this range of concrete displacement can be considered to be
suitable for well reinforced concrete structures without any cracks present. Direct
installation over concrete joints should be avoided. Example of suitable application area:
below grade wall and floor installation.

7.5 mm

Higher than normally expected movement range of concrete structures. These types of
movements could be caused by exposure to complex sources including freeze-thaw, dry
shrinkage, structural settlement, water pressure and/or vibration from loads.
Waterproofing membranes that are able to withstand this range of concrete displacement
can be considered to be suitable for below-grade concrete structures. Examples of suitable
application area: walls and floors with micro cracks, contraction joints.

10.0 mm

Very high movement range of concrete structures. These types of movements could be
caused due to extreme exposure to complex sources including freeze-thaw, dry shrinkage,
structural settlement, water pressure and/or vibration from loads. Such length of
movement can also be expected from expansion joints of large scale concrete slabs.
Waterproofing membranes that are able to withstand this range of concrete displacement
can be considered to be excellent for below-grade concrete structures. Examples of suitable
application area: walls and floors with micro cracks, contraction joints, expansion joints,
construction joints.

3.2. Workmanship and Adhesion Property of Waterproofing Sheet Membrane Overlap Joint

During the installation of waterproofing membranes, overlap joints naturally form [7]. If the
waterproofing membranes are not sufficiently cured, or if the concrete surfaces are not cleaned prior
to installation, gaps can form along the interface of these overlap joints. Thicker waterproofing
sheets have a higher elastic modulus, and elastic recovery applies additional straining force on the
adhesion [8].

In most cases, overlap joint adhesion is a highly technical procedure, and poor workmanship
can easily lead to the gaps forming. As illustrated in Table 5, a second rolling operation on the lower
portion of the overlap joint is required to ensure that the membranes securely bond to the concrete
substrate [9].

In order to account for these factors, the proposed test method includes a visual inspection of the
overlap joints for signs of leakages as a measure of workmanship.
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Table 5. Illustration of application method for waterproofing membrane sheet overlap.

Standard Application Method for Waterproofing Membrane Sheet Overlap Joint (Roller)
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3.3. Adhesion on Wet Concrete Substrate and Waterproofing Membrane 

In high rainfall regions, the humidity of below-grade construction sites can reach above 
preferred levels, and it becomes difficult to keep the concrete substrates dry. According to Korean 
Construction Specification (KCS 41 40 01:2016, Standard Specification on Waterproofing 
Construction), waterproofing membranes should be installed on a concrete surface with less than 8% 
humidity. In many below-grade construction sites, however, the surface relative humidity of concrete 
can be higher than 12%. This results in poor adhesion and low-quality installations. Due to labor costs 
and construction schedules, the consideration of humidity is often omitted from manufacturer 
specifications [10]. 

Manufacturers in many Asian countries have begun to develop waterproofing materials that can 
maintain high levels of adhesion on wet substrate surfaces [11]. However, there is still a lack of 
standardized test methods for this type of performance. Therefore, the proposed test method includes 
evaluation criteria designed for measuring adhesion performance, specifically on wet surfaces. 

3.4. Existing Evaluation Methods for Waterproofing Membrane Systems 

International test methods today evaluate the physical durability of waterproofing membranes 
using a number of categories: tensile/tearing strength, adhesion strength, water pressure resistance, 
thermal resistance, chemical resistance (alkali and chlorine), and elongation [12]. Table 6 below lists 
the specific reference materials from each national standard body.  

Table 6. International standards on required waterproofing membrane properties. 

Standard Name Description/Relevance

ASTM D 7832  
A standard guide that oulines the minimum level of acceptable performance and properties 
of waterproofing membranes in below-grade walls. 

KS F 4917, KS F 4935 
These test methods outline the required properties of waterproofing membranes. The two 
standards concern injection type sealants and waterproofing sheet membranes systems in 
below-grade walls and roofing.  

GB 50108 
A standard that provides guidelines, list of testing methods, and description of proper 
workmanship and waterproofing membrane installation in below-grade construction. 

JASS 8,  
JIS A 6909, JIS A 6021  
JIS A 6008, etc. 

JASS 8 is part of a list of specifications that provide installation practices of waterproofing 
membranes in concrete structures. JIS provides an extensive list of test methods for various 
types of waterproofing membranes and required properties, but mostly applies to roofing 
and above-grade walls. 

BS 8102:2009 
Practice code for recommended waterproofing design guidelines (3 representative types) in below-
grade construction. The code itself does not present a list of performance requirements for specific 
waterproofing membrane properties but refers to relevant BS standard testing methods. 

AS 4858, AS 3740 
Standards that outline the performance requirement for waterproofing membranes in the wet 
areas of building interiors. 
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3.3. Adhesion on Wet Concrete Substrate and Waterproofing Membrane

In high rainfall regions, the humidity of below-grade construction sites can reach above
preferred levels, and it becomes difficult to keep the concrete substrates dry. According to Korean
Construction Specification (KCS 41 40 01:2016, Standard Specification on Waterproofing Construction),
waterproofing membranes should be installed on a concrete surface with less than 8% humidity.
In many below-grade construction sites, however, the surface relative humidity of concrete can
be higher than 12%. This results in poor adhesion and low-quality installations. Due to labor
costs and construction schedules, the consideration of humidity is often omitted from manufacturer
specifications [10].

Manufacturers in many Asian countries have begun to develop waterproofing materials that
can maintain high levels of adhesion on wet substrate surfaces [11]. However, there is still a lack of
standardized test methods for this type of performance. Therefore, the proposed test method includes
evaluation criteria designed for measuring adhesion performance, specifically on wet surfaces.

3.4. Existing Evaluation Methods for Waterproofing Membrane Systems

International test methods today evaluate the physical durability of waterproofing membranes
using a number of categories: tensile/tearing strength, adhesion strength, water pressure resistance,
thermal resistance, chemical resistance (alkali and chlorine), and elongation [12]. Table 6 below lists
the specific reference materials from each national standard body.
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Table 6. International standards on required waterproofing membrane properties.

Standard Name Description/Relevance

ASTM D 7832 A standard guide that oulines the minimum level of acceptable performance and
properties of waterproofing membranes in below-grade walls.

KS F 4917, KS F 4935
These test methods outline the required properties of waterproofing membranes.
The two standards concern injection type sealants and waterproofing sheet
membranes systems in below-grade walls and roofing.

GB 50108
A standard that provides guidelines, list of testing methods, and description of
proper workmanship and waterproofing membrane installation in
below-grade construction.

JASS 8, JIS A 6909,
JIS A 6021
JIS A 6008, etc.

JASS 8 is part of a list of specifications that provide installation practices of
waterproofing membranes in concrete structures. JIS provides an extensive list of
test methods for various types of waterproofing membranes and required
properties, but mostly applies to roofing and above-grade walls.

BS 8102:2009

Practice code for recommended waterproofing design guidelines (3 representative
types) in below-grade construction. The code itself does not present a list of
performance requirements for specific waterproofing membrane properties but
refers to relevant BS standard testing methods.

AS 4858, AS 3740 Standards that outline the performance requirement for waterproofing membranes
in the wet areas of building interiors.

While the above standards define what ideal waterproofing should be, they do not provide clear
instructions on how ensure proper workmanship. In general, the standards recommend following
manufacturer specifications, but do not provide quality control instructions for each specification.
This reiterates the absence of proper quality assurance methods for below-grade construction.

3.5. New Proposed Evaluation Method and Criteria

Based on the loading modes and exposure condition outlined in the above sections, a new
evaluation method has been designed and proposed in this study. This method is intended to
evaluate the concrete joint load behavior response performance and workability performance of
waterproofing membrane systems intended to be used in below-grade construction. Tables 7 and 8
display the evaluation criteria that include all the loading modes outlined above to be used in the test
method demonstration.

Table 7. Test specimen degradation evaluation criteria for concrete joint load behavior performance.

Criteria Condition Interpretation

Surface Condition of
Mortar Substrate

Surface Number of specimens

Dry Surface: bewteen 8% and 12% surface
relative humidity 12

Wet Surface: Above 12% surface
relative humidity 12

Joint movement
condition of Specimens

Movement Range Number of Specimens Displacement speed

2.5 mm 3

50 mm/min
5.0 mm 3
7.5 mm 3
10.0 mm 3

Cycle condition
of Joint

Total Cycle Number Durability Evaluation Grading Based on
Cycle Number Endured

300 cycles
Low Durability: 0–100 cycles

Medium Durability: 101–200 cycles
High Durability: 201–300cycles
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Table 8. Material property and workability evaluation based on failure types and causes.

Failure Type Abbreviation
Examples and Illustrations of Each Failure Type

Principle Illustration Example Case

Tensile Failure TF
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4. Test Method and Apparatus

The test specimen is comprised of upper and bottom cylindrical mortar slab parts. The two parts
are placed together to form a separation gap at the interface. This gap represents a concrete joint or
crack. The waterproofing membrane is installed perpendicular to the gap of the mortar slab specimen.
For this test demonstration, mortar was used instead of concrete for easier workability. The mixture
ratio of water to cement to sand is 0.5:1:3. Refer to Table 9 for the details on the assembly. Once the
mortar is mixed and cast into the mold, the mortar forms a cylindrical slab. Refer to Figure 2 for details
on the dimensions of the mortar slab casting in the mold.Appl. Sci. 2017, 7, 1147 10 of 19 

 
Figure 2. Mortar specimen casting in mold concept diagram. 

4.1. Mold Assembly 

The threaded conduits are installed onto their corresponding bases, and the case frame is placed 
on each of the base frames (upper and bottom slabs) {Step 1 (a) of Table 10}. Masking tape is used to 
seal the split section of the case frame to prevent bleeding during casting. A rounded tape is cut out 
(Ø 50 by 5 mm) to cover the hole of the threaded conduit for the bottom mortar slab to prevent any 
loose mortar entering and blocking the conduit hole {Step 1 (b) of Table 10}. 

4.2. Mortar Slab Casting and Curing 

Once the mold preparation is complete, mortar is cast into the molds. The threaded conduit is 
entirely covered with mortar. The bottom mortar slab mold should be completely full as well, but the 
mortar should not reach up to the opening of the threaded conduit. Rod tamping is used to ensure that 
air voids are eliminated as much as possible {Step 2 (c) of Table 10}. The casted fresh mortar is then 
cured in the laboratory for three days in ambient conditions (24 ± 3 °C, 65 ± 3% RH). Plastic sheets 
should be used to cover the molds while curing to prevent evaporation {Step 2 (d) of Table 10}.  

4.3. Mortar Slab Demolding 

Once the mortar slabs are cured, the plastic sheet is removed {Step 3 (e) of Table 10}. The masking 
tape is peeled off and the case frame is removed by peeling the case at the split section using a spatula 
or any edged tool {Step 3 (f) of Table 10}. For the bottom mortar slab, if a mortar layer forms at the 
threaded conduit opening, a metal scraper is used to remove the layer. The edges must be clean from 
any mortar debris to ensure a smooth connection with the testing apparatus {Step 3 (g) of Table 10}. 
For mortar removal from the base frames, the upper mortar slab is pulled out, and the bottom mortar 
slab is screwed off. A scraper or some other sharp-edged tool is used to separate the mortar from the 
base frame interface for easier removal {Step 3 (h) of Table 10}. Once the mortar slabs are demolded 
{Step 2 (i) of Table 10}, the upper mortar slab is placed on top of the bottom mortar slab to form a 
mortar specimen set {Step 3 (j) of Table 10}. 

Table 10. Procedure for mortar specimen preparation. 

Step 1  
Mold Assembly 

  (a) (b) 

Figure 2. Mortar specimen casting in mold concept diagram.



Appl. Sci. 2017, 7, 1147 10 of 19

Table 9. Components and details of mold to make mortar slabs.

Components Dimensions + Parts Illustration

1. Case frame
(for shaping mortar)

- Dimensions: Ø 180 (inner diameter) by 135 mm
- Made with transparent acrylic resin plastic to shape the

cylindrical slab during mortar casting. A cut on one side is made
for easier removal during demolding
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- Made of non-transparent acrylic resin plastic with a 5 mm 

high rounded groove for case frame placement.  

(b) Base Frame for bottom slab 
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- Ø 40 by 20 mm anchoring thread fixed at the center to 

secure bottom base frame threaded conduit 
- Made of non-transparent acrylic resin plastic with a 5 mm 
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4.1. Mold Assembly

The threaded conduits are installed onto their corresponding bases, and the case frame is placed
on each of the base frames (upper and bottom slabs) {Step 1 (a) of Table 10}. Masking tape is used to
seal the split section of the case frame to prevent bleeding during casting. A rounded tape is cut out
(Ø 50 by 5 mm) to cover the hole of the threaded conduit for the bottom mortar slab to prevent any
loose mortar entering and blocking the conduit hole {Step 1 (b) of Table 10}.

4.2. Mortar Slab Casting and Curing

Once the mold preparation is complete, mortar is cast into the molds. The threaded conduit is
entirely covered with mortar. The bottom mortar slab mold should be completely full as well, but the
mortar should not reach up to the opening of the threaded conduit. Rod tamping is used to ensure that
air voids are eliminated as much as possible {Step 2 (c) of Table 10}. The casted fresh mortar is then
cured in the laboratory for three days in ambient conditions (24 ± 3 ◦C, 65 ± 3% RH). Plastic sheets
should be used to cover the molds while curing to prevent evaporation {Step 2 (d) of Table 10}.
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4.3. Mortar Slab Demolding

Once the mortar slabs are cured, the plastic sheet is removed {Step 3 (e) of Table 10}. The masking
tape is peeled off and the case frame is removed by peeling the case at the split section using a spatula
or any edged tool {Step 3 (f) of Table 10}. For the bottom mortar slab, if a mortar layer forms at the
threaded conduit opening, a metal scraper is used to remove the layer. The edges must be clean from
any mortar debris to ensure a smooth connection with the testing apparatus {Step 3 (g) of Table 10}.
For mortar removal from the base frames, the upper mortar slab is pulled out, and the bottom mortar
slab is screwed off. A scraper or some other sharp-edged tool is used to separate the mortar from the
base frame interface for easier removal {Step 3 (h) of Table 10}. Once the mortar slabs are demolded
{Step 2 (i) of Table 10}, the upper mortar slab is placed on top of the bottom mortar slab to form a mortar
specimen set {Step 3 (j) of Table 10}.

Table 10. Procedure for mortar specimen preparation.

Step 1 Mold Assembly
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4.4. Conditioning of Mortar Slab

The demolded mortar specimens are placed in water for seven days for curing and saturation.
After they are removed from water, their surfaces are wiped with a cloth until they are moderately
dry. The specimens are then placed in a desiccator with a relative humidity of between 8% and
12% (inclusive) for dry surface conditioned specimens, and above 12% for wet surface conditioned
specimens. When the specimens are taken out of the desiccators, their surfaces are measured with
a high frequency relative humidity sensor in ambient conditions (temperature at 20± 3 ◦C, and relative
humidity at 60 ± 5%). Prior to membrane installation, a relative humidity sensor should read higher
than 12% for the wet surface condition, and between 8~12% for the dry surface condition. Refer to
Figure 3 for details.Appl. Sci. 2017, 7, 1147 12 of 19 
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Waterproofing membranes are installed following manufacturer specifications. For this 
demonstration, installation was conducted in front of licensed representatives from each 
waterproofing membrane manufacturer to ensure that the installation process was carried out 
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4.5. Installation of Waterproofing Membrane on Mortar Slabs

The waterproofing membrane is cut into a 650 by 150 mm rectangular piece. The membrane
is installed on the mortar slabs placed together with the short dimension applied perpendicular to
the joint gap. When applying the waterproofing membrane sheets, an overlap joint with a minimum
width of 30–50 mm is made. When the waterproofing membrane is adhered over the joint, 50 mm of
the exposed area from the slab edge to the waterproofing membrane should be formed. Details are
shown in Figure 4.

Waterproofing membranes are installed following manufacturer specifications. For this
demonstration, installation was conducted in front of licensed representatives from each waterproofing
membrane manufacturer to ensure that the installation process was carried out properly.
The installation is conducted in a laboratory setting with ambient conditions (temperature of 20 ± 3 ◦C,
relative humidity of 60 ± 5%). Refer to Figure 5 for details.

Once the assembly is complete, the specimens are set to rest in a curing room for a maximum of
seven days (for this demonstration, the manufacturer specifications were followed).
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4.6. Testing Apparatus Design and Setting for Joint Displacement Testing  

The apparatus consists of a UTM (Universal Testing Machine) and a specially structured acrylic 
container. The test specimen is first installed in the acrylic container, which is then filled with water, 
and inserted into the UTM for displacement load testing. Once installed, the upper mortar slab 
section of the specimen is pulled up and down vertically in relation to the bottom slab, which is fixed 
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Below is a set of more detailed steps for installing the specimen onto the testing apparatus: 

(1) The test specimen is installed into the acrylic chamber apparatus by screwing the threaded 
conduit of the bottom mortar slab onto the metallic thread at the bottom of the chamber. 

(2) The container is filled with approximately 15 L of water. The specimen should be completely 
submerged in water. 

(3) The chamber is installed onto the UTM. The bottom connection is anchored with a rivet to the 
jig of the UTM. The upper mortar slab threaded conduit is then anchored to the upper jig of the 
UTM. 

(4) The joint displacement speed (construction joint movement rate) is set to 50 mm/min. 
(5) The test is initiated in the conditions outlined in Table 7. 
  

Figure 5. Waterproofing membrane installation process illustrated (a) mortar sections placement and
surface treatment; (b) primer, adhesive, or other adhesion material application; (c) waterproofing sheet
application; (d) Test specimen complete and ready for testing.

4.6. Testing Apparatus Design and Setting for Joint Displacement Testing

The apparatus consists of a UTM (Universal Testing Machine) and a specially structured acrylic
container. The test specimen is first installed in the acrylic container, which is then filled with water,
and inserted into the UTM for displacement load testing. Once installed, the upper mortar slab section
of the specimen is pulled up and down vertically in relation to the bottom slab, which is fixed to the
apparatus. Refer to Figure 6 for details.
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Below is a set of more detailed steps for installing the specimen onto the testing apparatus:

(1) The test specimen is installed into the acrylic chamber apparatus by screwing the threaded
conduit of the bottom mortar slab onto the metallic thread at the bottom of the chamber.

(2) The container is filled with approximately 15 L of water. The specimen should be completely
submerged in water.
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(3) The chamber is installed onto the UTM. The bottom connection is anchored with a rivet to the
jig of the UTM. The upper mortar slab threaded conduit is then anchored to the upper jig of
the UTM.

(4) The joint displacement speed (construction joint movement rate) is set to 50 mm/min.
(5) The test is initiated in the conditions outlined in Table 7.

4.7. Failure Type Analysis Method of Tested Waterproofing Membrane

When leakage occurs with a specimen during testing, the conditions of the specimen inside the
testing apparatus are observed, and anomalies such as tearing are recorded. The specimen is then
taken out of the apparatus and undergoes a membrane removal process as shown in Figure 7.

The main cause of the leakage is then classified into one of following three types of failure; Tensile
Failure (TF), Adhesion Failure (AF), and Overlap Failure (OF). This process is mostly visual as the
identification is difficult at this stage of the test. A close approximation is made by identifying key
observable patterns that correspond to each failure type.

Any visible tears in the membrane surface indicate ‘Tensile Failure’. If there are no tears,
the waterproofing membrane is peeled off using a knife. The exposed areas can form a direct leakage
path at the interface of the membrane and the mortar surface. This failure type is indicated as ‘Adhesion
Failure’. If traces of air bubbles localize over the overlap joint, and if a gap is clearly visible under
the overlap section during membrane removal, this indicates ‘Overlap Failure’. Refer to Table 11 for
an illustration of this.
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5. Evaluation of Six Waterproofing Membranes Using the Proposed Testing Method

The results of the tests on the six waterproofing membranes are displayed in Table 12.
For membranes that leaked during the testing, the number of cycles and the failure type were recorded
respective to the surface condition (dry and wet) and movement width. Specimens that did not leak
during the 300 cycles were recorded as ‘no leak’ (NL). Most of the membranes were able to withstand
at 2.5 mm, and varied in terms of the results at 5.0 mm, 7.5 mm and 10.0 mm. The nature of the failures
was determined using the observable conditions and methods in Section 4.4 (Failure Type Analysis
Method of Tested Waterproofing Membrane System) and Table 12.

Table 12. Results of the leaked cycles per each waterproofing system averaged.

System
Surface &
Specimen

Leaked Cycle Averaged per Specimens of Each Movement Width

2.5
mm

Fail.
Type Avg. 5.0

mm
Fail.
Type Avg. 7.5

mm
Fail.
Type Avg. 10.0

mm
Fail.
Type Avg.

A

Dry
1 300 NL

300
300 NL

300
300 NL

272
300 NL

2802 300 NL 300 NL 217 AF 300 NL
3 300 NL 300 NL 300 NL 241 AF

Wet
1 300 NL

300
300 NL

300
253 OF

253
189 AF

1472 300 NL 300 NL 206 AF 156 AF
3 300 NL 300 NL 300 NL 96 OF

B

Dry
1 238 OF

262
300 NL

251
92 AF

131
189 AF

1352 247 OF 300 NL 129 AF 89 OF
3 300 NL 153 AF 173 AF 127 AF

Wet
1 300 NL

289
300 NL

280
215 AF

195
113 AF

1112 269 AF 241 AF 234 AF 142 AF
3 300 NL 300 NL 136 AF 78 AF

C

Dry
1 300 NL

300
274 OF

291
176 AF

174
109 AF

992 300 NL 300 NL 156 AF 96 AF
3 300 NL 300 NL 192 AF 94 OF

Wet
1 300 NL

300
281 OF

283
167 OF

156
152 AF

1112 300 NL 300 NL 142 OF 72 OF
3 300 NL 264 AF 158 AF 104 AF

D

Dry
1 300 NL

300
300 NL

300
300 NL

300
300 NL

2932 300 NL 300 NL 300 NL 300 NL
3 300 NL 300 NL 300 NL 281 AF

Wet
1 300 NL

300
215 OF

272
273 OF

265
162 AF

1952 300 NL 300 NL 222 AF 197 AF
3 300 NL 300 NL 300 NL 224 OF

E

Dry
1 300 NL

249
168 AF

178
166 AF

181
126 AF

1242 147 OF 241 AF 204 AF 110 AF
3 300 NL 126 AF 172 AF 137 AF

Wet
1 221 AF

210
243 OF

192
49 OF

77
112 AF

1052 109 AF 189 AF 101 AF 64 OF
3 300 NL 145 AF 81 OF 141 AF

F

Dry
1 300 NL

300
203 TF

176
35 TF

33
9 TF

62 300 NL 173 TF 32 TF 4 TF
3 300 NL 151 TF 33 TF 6 TF

Wet
1 300 NL

300
127 TF

160
32 TF

28
12 TF

82 300 NL 191 TF 21 TF 5 TF
3 300 NL 163 TF 31 TF 6 TF

TF: Tensile Failure AF: Adhesion Failure OF: Overlap Failure NL: No Leakage.

5.1. Evaluation Results

Most of the failures were adhesion failures with the exception of the spray type poly-urea
waterproofing membrane (System F), whose lack of tensile property was visible from 5.0 mm onwards,
suggesting its unsuitability for below-grade waterproofing construction.

The non-curable asphalt coating composite sheet (System A) and polyvinyl chloride
(PVC) + elastic coating composite sheet (System D) displayed the highest performance. Systems
A and D had a few specimens that leaked water with high performance on dry surfaces, but showed
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failures in the higher width range of joint displacements. Overlap failure was more common with wet
conditioned specimens, confirming that wetness has a negative effect on adhesion at overlap sections.

Lastly, the number of cycles was averaged between the results of three specimens for each
movement width range to express an estimation of the endurance performance. Each membrane
system’s endurance performance was evaluated by the following expressions; the 201–300 cycle
range expresses high endurance performance with the corresponding load behavior (represented
in green), 101–200 cycle range expresses medium endurance performance (represented in yellow),
and 0–100 cycle range expresses low endurance performance (represented in red). The averaged cycle
numbers of the three specimens for the individual systems from Table 12 were displayed separately
for dry surface installed specimens and wet surface installed specimens, as shown in Figures 8 and 9.
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5.2. Expected Trend of Performance on Dry and Wet Surface Installation per Movement Widths

The averaged leaked cycle numbers of each type of specimen were taken and separately analyzed
between the results derived from the dry surface specimens and the wet surface specimens. The results
of the dry surface conditioned specimens represent the expected performance results based on the
requirements of the standard installation procedure. The results of the wet surface conditioned
specimens represent the expected performance results based on the humidity conditions closer to the
below-grade construction sites. Refer to the graphs shown in Figure 10.
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Figure 10. Comparison of specimen movement cycle leakage on dry and wet surface specimens;
(a) estimated performance trends of dry surface installed specimens; (b) estimated performance trends
of wet surface installed specimens

The graphs show that the average performance of wet surface conditioned specimens is
lower than that of dry surface adhered specimens. The following conclusions can be made:
(1) waterproofing membranes perform below the expectation when installed on a wet concrete surface;
(2) proper workmanship should include plans to ensure proper installation on a wet concrete surface;
and (3) waterproofing membrane systems that innately possess strong wet surface adhesion properties
should be favored.

5.3. Estimation Method for Determining Successful Installation/Performance Rate for Waterproofing
Membrane Systems

The occurrence numbers of each failure type were plotted in a bar graph. The bar graph expresses
an estimation for determining the successful installation rate of each tested waterproofing membrane.
The graph on the left is from dry surface conditioned specimen test results and the graph on the right
is from the wet surface conditioned specimens. The occurrence rate of each failure type across different
movement widths (from 2.5 mm to 10.0 mm) is compared to the number of specimens that completed
the 300 displacement cycles. Refer to Figure 11 for details.

Tensile failure of waterproofing membranes shows a clear connection between membrane
durability and concrete joint load behavior. For adhesion and overlap failures, the cause could
be low material quality and/or poor workmanship. In the case of systems A and D, some of the
specimens were able to withstand all 300 cycles of movement for all movement widths for both
surface conditions. This indicates that the membranes meet the bar for below-grade waterproofing
construction. The occurrence rates of specific failure types in dry surface conditioning ((a) in Figure 11)
and wet surface conditioning ((b) in Figure 11) were compared. It was clear from the occurrence rate of
overlap failure (OF) and adhesion failure (AF) that the humidity affected the material adhesion on
mortar surfaces. For wet surface conditioning, seven specimens for System A and six specimens for
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System D were able to complete the 300-cycle regime. This suggests that the respective systems may
have adequate wet surface adhesion properties, but also suggests that workmanship planning and/or
adhesion property on a wet surface could still be improved.Appl. Sci. 2017, 7, 1147 18 of 19 
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Figure 11. Failure type occurrence rates of waterproofing membrane system types; (a) dry surface
installed specimen results; (b) wet surface installed specimen results.

Based on the results outlined above, a decisive evaluation of the tested waterproofing membranes
cannot be made. The above graph is designed to only introduce the model. It is expected that with
repeated testing over a larger sample pool, more reliable data can be produced in the future and
assessing the workability of waterproofing membranes will become feasible with this test method.

6. Conclusions

1. The results of the test method show that a more accurate evaluation of waterproofing membranes
is possible for below-grade construction. Out of the possible load modes and exposure conditions
of the below-grade construction environment, concrete joint displacement and concrete surface
humidity were particularly focused on as part of the evaluation criteria.

2. Future applications of this test method should be designed to accommodate a larger range of
parameters such as movement speed, cycle number, joint displacement width, and humidity level.

3. To reduce reliance on visual inspection, a more accurate and non-destructive leakage cause
analysis method is currently being developed. Many improvements are needed before this test
method can be officially standardized.
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