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Abstract. Concrete buildings and infrastructures encounter several durability is-
sues that are caused or associated with water penetration. Hence, the durability
of concrete is correlated to its hydraulic impermeability. In this paper, the water-
proofing performance of four types of crystalline waterproofing materials are in-
vestigated, the materials being in solution and powder forms. They all involve
pore blocking functionality, while some of them involve additional pore lining
properties. These included MCE as an admixture, PaviX and SofiX, as crystalline
penetrating concrete sealers and ChemCreteX as a cementitious powder slurry
coating. The application protocols investigated included two dosages of 1% and
2% of MCE admixtures with or without an additional topical Pavix treatment.
The standard permeability testing method was used (U.S. Corp. of Engineering
CRD-C48-92) to measure the permeability coefficient of control and crystalline
waterproofed concrete samples. The results cover various mix designs utilizing
two types of cements (Portland cement and 1L limestone cement) and with vari-
ous water to cementitious materials (w/cm) ratios. The findings show the efficacy
of each of the investigated crystalline technology, in liquid and powder form, for
surface treatment (sealer or cementitious coating) as a pore blocking material and
for MCE as a Permeability Reducing Admixture at Hydrostatic pressure (PRAH).
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1 Introduction

The pore size in the cement paste has a wide range of 1 nm - 1 um [1]. The pores are
classified into (1) gel fine pores that have no influence or just a little impact on the
mechanical properties or permeability of concrete and capillary pores that create flow
channels [2]. Details of size ranges and characteristics of these types of pores and voids
are presented in a previous publication [3]. The porosity is a structural characteristics
indicating the level of an open space and is determined by both the pore size and size
distribution as well as on the connectivity of the pores [4, 5]. On the other hand, per-
meability is an intrinsic property that determine the rate of water flow within concrete
[6]. In general, the permeability is exponentially correlated to the porosity [1, 7, 8].



Pore refining reduces most of the transport properties (including permeability) and du-
rability issues in concrete [3, 9, 10]. Pore blocking and crystalline waterproofing tech-
nologies are based on incorporating reactive materials within the pores. Hence, they
create flow obstacles and reduce permeability (under hydrostatic pressure) [10-14].
Their functionalities are significantly different from the pore-lining (hydrophobic) ma-
terials: The pore lining materials react with silicone sites at the cementitious internal
walls creating water-repelling molecular layer. Such a hydrophobic layer is very think
compared to permeable pore sizes and hence it has little or no impact on reducing po-
rosity or permeability. They reduce water (capillary) absorption or wicking flow under
no or little hydrostatic pressure (e.g. few centimeters of water head) [15, 16]. According
to ACI 212.3R-16 [16], pore lining (hydrophobic) materials are effective in reducing
capillary absorption but they are not suitable if there is a possibility of a hydrostatic
pressure devolvement during the service life of concrete.

Industrial products are available in the market combining pore lining with pore
blocking crystalline waterproofing materials [10]. They contain triple functionalities of
hygroscopic and hydrophilic crystals with hydrophobicity. These include an admixture
(MCE [14]) that is categorized as a Permeability Reducing Admixture (PRAH, accord-
ing to ACI 212.3R-10[16]) and sealer (DCE [13]). The penetration depths of the topical
treatment has been reported in previous work [13]. Their durability performance pa-
rameters have investigated in previous publications [17-25].

Evaluating the efficacy of waterproofing involve measuring water absorption by ca-
pillary action (under no or little hydrostatic pressure) and hydro-permeability under a
high hydrostatic pressure. Although water absorption tests are widely used [26], their
results can be misleading due to differences in behaviors under different pressure levels
and water penetration mechanisms [10]. Forming flow obstacle by pore blocking may
not reduce capillary suction [27], instead, reducing the porosity of concrete by partial
pore blocking can increase water absorption due to pore refinement effect [11]. How-
ever, the absorbed moisture is usually consumed in further crystal growth [14]. The
permeability tests are usually performed by subjecting the surface of the specimen to a
high-water pressure [16]. It is known that waterproofing efficiency for crystalline tech-
nology requires permeability testing under a hydrostatic pressure (as CRD-C48-92)
[14]. The high-pressure testing is essential for practical field performance to account
for the build-up of hydrostatic pressure from traffic loading on pavements or wind ef-
fects on vertical walls and for the submerged concrete [ 12]. Some previous publications
investigated the performance of crystalline waterproofing technology according to U.S.
Corp of Engineering method [19, 28, 29]. A previous publication covered the water
absorption and porosity of Pavix sealer [24]. There were no in-depth previous investi-
gations of combined treatment (MCE-PaviX) or single sealer treatment or cementitious
coating of these multiple crystalline functionalities. This paper aims at investigating
and comparing the efficacy of various crystalline waterproofing applications under a
hydrostatic pressure. The research objectives include (1) evaluating the waterproofing
efficacy of various Chem-Crete waterproofing materials (2) studying the effects of ap-
plication protocols of these some products (as a single or combined treatment).



2 Experimental

2.1 Materials

The experimental program included casting control and MCE-dosed concrete speci-
mens for measuring permeability. Various reference samples were needed to cover the
various investigated parameters and to make the valid comparisons. For example, these
include reference concrete with Portland (I/I type) cement as well as reference concrete
with 1L cement. All experiments were performed in the independent laboratories of
Construction Material Testing (CMT, Des Moines, lowa, USA). The investigated inde-
pendent experimental parameters included type of waterproofing material, dosage of
MCE, and protocol of treatment (single or combined addition).

Concrete specimens were prepared using standard lowa DOT concrete mix designs,
labelled as Iowa DOT C-4 and C-4 WRC20 [41]. The C-4 mix involves a cement
content of 593 1b while "C20" indicates 20% replacement of the cement content by
Class C fly ash, hence the C-4 WRC20 involves 119 1b of fly. The C-4 mixes are com-
monly used in infrastructure applications, including paving, box culverts, bridge decks,
piers and abutments. ..etc. The amounts of the constituents (per cubic yard of concrete)
and their types and sources are listed in Table 1 (For C-4 WRC20). Type 1L cement
containing about 12% limestone was used. Several w/cm ratios were used including
0.41, 0.43 and 0.45. The air entrainment and the water reducing agents were obtained
from Euclid Admixture (Cleveland, Ohio, USA), GRT SA-50 and GRT 400-NC, re-
spectively. The target air content was 6%, in selected samples, no-air entrainment agent
was used for comparing the permeability. Concrete cylinders 15.2x30.4 cm (6x12
inches) were casted. All concrete samples were demolded after 24 hours and then al-
lowed to cure for 28 days under normal laboratory conditions.

Table 1. Iowa DOT C4-WRC20 mix proportions for one cubic yard of concrete.

Component Type/ Source Amounts
Cement Continental (Type IL) 474 1b
Fly ash Boral Resources (Class C) 1191b

Coarse aggregates Concrete Stone D-57 — A85006 (Martin 1470 1b
Marietta — Ames)

Fine aggregates Concrete Sand — A77534 (Martin Mari- 1486 1b
etta — Saylorville)

Water Local/ Municipal 266 Ib
Air entrainment GRT SA-50 6%
Water reducer GRT 400 NC 4.01q oz
(MRWR)

Four crystalline waterproofing materials from International Chem-Crete Corporation
(Dallas, TX, USA) were used. These included water-based waterproofing products
(MCE, PaviX and SofiX) and a powder product of ChemCreteX slurry coating. They



all are crystalline pore blocking materials while they involve various manufacturing
processes and chemistry. The testing program also included various protocols of MCE
and PaviX treatments (as single or combined treatments): The investigated protocols
included two dosages of 1% and 2% of MCE admixtures with or without an additional
topical Pavix treatment. MCE is a patented Multi-Crystalline, chlorine free and ammo-
nia free, water-based concrete admixture with a total solid content of about 15% [18].
It is a PRAH (ACI 212.3R-10 [16]). DCE (PaviX) is a dual-crystalline penetrating
sealer containing a total solid content of about 15% [17]. DCE has triple functionality
involving hygroscopic and hydrophilic crystals with hydrophobic water repelling char-
acteristics. SofiX is a dual crystalline water sealer involving hygroscopic and hydro-
philic crystals without hydrophobicity. ChemCreteX is a single hygroscopic crystalline
slurry coating material.

The MCE was added to the mixing water according to the required dosage. Two
dosages were investigated: 1% and 2% (by mass) of the cementitious content. Pavix
and SofiX were applied by brashing on fresh concrete surface. The surface coverage
for PaviX and Sofix experimemts was 3.7 m?/L (150 ft*/gal). The surface coverage of
the ChemCreteX (as a slury coat) was about 1.1 kg/m?. The coatings was then allowed
to cure for 7 days before permeability testing.

2.2 Measurement of Water Permeability

The permeability testing was performed using fully cured concrete cylinder specimens.
The permeability was measured by subjecting the concrete specimens to a hydrostatic
pressure of 1.4 MPa (200 psi) according to the standard test defined by the United States
Corps of Engineering method (CRD-C 48-92) [30] (see Fig. 1). Then, the water flow
through the specimen is measured. The coefficient of permeability is determined using
Darcy’s equation after establishing a steady state flow through concrete. The average
values of duplicated specimens were reported. This test is categorized as a direct
method for evaluating the effectiveness of PRAH (admixtures) as per ACI 212. 3R-16
Report on Chemical Admixtures for Concrete [16]. The same method was used in pre-
vious research for measuring the permeability of MCE-dosed concrete as a single ad-
dition at 2% [19]. This test was performed for all protocols of MCE additions and top-
ical treatments. The percentage reduction in permeability upon using the crystalline
waterproofing over that of control concrete reflects a measure of the waterproofing ef-
ficacy.

Fig. 1. Permeability tests according to Corps of Engineering method (CRD-C 48-92).



3 Results and Discussion

All permeability results for control, MCE, PaviX, SofiX and ChemCreteX specimens
are listed in Table 2. The two data rows for the Texas DOT mix designs are obtained
from a previous publication for comparison [19]. It is worth to mention that porous
materials with a permeability coefficient less than 10" m/s are categorized as virtually
impermeable media. Overall, each of the investigated waterproofing material achieved
a coefficient of permeability less than 10! m/s, by at least one order of magnitude.
Hence, each of the or the investigated protocols produces virtually impervious concrete.
These reduction in permeability leads significant enhancement in concrete durability;
since durability is controlled by permeability and the consumption of internal moisture

and vapor in crystal growth.

Table 2. C4-WRC20 mix proportions for one cubic yard of concrete.

Specimen Type Cement Mix Design Age w/cm  MCE Topical  Coefficient of
Type (day) (%)  treatment Permeability
(m/s)

Reference concrete 1L Iowa DOT C-4 28 045 0 None 5.24x 107
WRC20

Reference concrete I/11 Texas DOT 435 043 0 None 22x10%
[19]

Reference concrete I/11 Iowa DOT C-4 28 043 0 None 6.34x 10°

Reference concrete 1L Towa DOT C-4 28 041 O None 6.65x 10°
WRC20

Reference - non-Air en- 1L Iowa DOT C-4 28 043 0 None 5.85x 107!

trained concrete WRC20

Reference - non-Air en- 1L Iowa DOT C-4 28 043 0 None 6.90 x 107!

trained concrete WRC20

Concrete with topical v Iowa DOT C-4 28 043 0 PaviX  3.89x 1072

PaviX treatment

Concrete with topical /i Iowa DOT C-4 28 043 0 SofiX  4.16x 1072

SofiX treatment

Concrete with topical 1L Iowa DOT C-4 28 045 0 PaviX  7.15x 1012

PaviX treatment WRC20

MCE dosed-concrete 1L Iowa DOT C-4 28 0.45 1% None 528 x 10712
WRC20

MCE dosed-concrete /11 Texas DOT 435 0.43 2% None 52x 10"
[19]

MCE Dosed Concrete 1L Iowa DOT C-4 28 045 1% PaviX 3.67x 10"

with topical PaviX treat- WRC20

ment

MCE dosed concrete 1L Iowa DOT C-4 28 0.45 2% None 3.39x 1013

WRC20



MCE dosed concrete 1L Iowa DOT C-4 28 0.43 2% None 228 x 1013

WRC20

MCE dosed concrete 1L Iowa DOT C-4 28 0.43 2% None 3.01x 101
WRC20

MCE-Dosed in non-Air 1L Iowa DOT C-4 28 0.43 2% None 220x 1013

entrained concrete WRC20

MCE-Dosed in non-Air 1L Iowa DOT C-4 28 0.43 2% None 439x 1013

entrained concrete WRC20

MCE-Dosed concrete 1L Iowa DOT C-4 28 0.41 2% None 3.58x 1071
WRC20

MCE Dosed Concrete 1L Iowa DOT C-4 28 045 2% PaviX 293x 10"

with topical PaviX treat- WRC20

ment

ChemCreteX coating /11 2:1 7 12 0 Chem-  6.68x 10"
Powder/Water CreteX

Generally, the reduction in permeability is dependent on the level of crystallization that
is established within the pores of concrete by each case. This is in turn (as shown in
Table 2) is governed by the type of cement, the mix design, the w/cm ratio, the age of
concrete (and the product addition time) and the type, application method and dosage
of the waterproofing products. Furthermore, the waterproofing performance is also
slightly dependent on the protocol of the use (application) of crystalline products (i.e.
using a single or combined products). It is important in all permeability testing to com-
pare the watertightness of a crystalline treated concrete with the equivalent non-treated
(control) concrete, otherwise data can be misleading. Table 2 include 5 types of refer-
ence concrete samples that includes different mix design and w/cm ratios. In all of these
cases, the non-treated concrete is found to have a relatively high permeability coeffi-
cient. Table 2 shows that the addition of fly ash to concrete mixtures (as in the lowa
DOT C-4 WRC20 mix design) permeability. This is achieved because fly ash reduces
porosity through refining the pore structure (reducing the volume of large pores) [7].
However, the lowa DOT C-4 WRC20 mix design still has a higher permeability coef-
ficient than the threshold for impermeable materials. Table 2 also shows that the per-
meability of non-treated concrete is strongly dependent on (1) the type of cement (Nor-
mal Portland Type I/II versus 1L limestone cement), (2) the mix design (lowa DOT C-
4, Iowa DOT C-4 WRC20 or Texas DOT). and (3) the w/cm ratio (0.41, 0.43 and 0.45).
As expected, reference concrete at w/cm=0.43 has a lower permeability than that at
w/cm=0.45; even when no fly ash is used (Ilowa DOT C-4). In general, the waterproof-
ing efficacy can be demonstrated experimentally more noticeably when concrete with
high w/cm ratio is used.

Although nearly all concrete mix designs for infrastructure are designed to include
air-entrainment (for controlling freezing and thawing effects [1, 5, 31]), Table 2 shows
that the non-air-entrained concrete (without crystalline materials) has a lower permea-
bility than that of equivalent air-entrained concrete. The current data emphasis the pre-
vious observations that air bubbles in concrete increase the permeability [4]. The pres-
ence of air entrained voids increases the impermeability because they are believed to



become saturated and interconnected through the network of the capillary pores [4, 32]
and the porosity near their interface with the paste is roughly 2-3 times larger than that
of the bulk paste [1].

Table 2 shows that the crystalline topical treatment (PaviX or SofiX sealer) is effi-
cient in pore-blocking (porosity reduction) even when it is applied as a single treatment.
The topical treatment decreases the permeability by three orders of magnitude for
PaviX as well as for Sofix. Although they have differences in product chemistry and
overall functionalities, SofiX leads to nearly similar level of impermeability as PaviX.
This is because SofiX produces hydrophilic and hygroscopic pore blocking crystals in
a similar fashion as PaviX, however SofiX does not involve hydrophobic (water-repel-
ling) property. The additional water-repellency of PaviX (over SofiX) does not show a
significant difference under high hydrostatic pressure. The hydrophobicity role be-
comes significant only at low or no hydrostatic pressure. In fact, the performance dif-
ference between PaviX and SofiX can appear upon testing and comparing the hydro-
phobicity of each of them. Table 2 shows that the waterproofing performance of the
topical crystalline treatment becomes more obvious when a reference concrete at higher
w/cm ratio; PaviX can achieve 4 orders of magnitude when the reference concrete is
with w/cm=0.45.

Table 2 shows that the internal crystalline treatment is efficient in pore-blocking (po-
rosity reduction) regardless of the selected MCE dosage among the acceptable range
(1% and 2%)._The MCE admixture decreases the permeability by at least 4 orders of
magnitude even with 1% addition of MCE and without additional topical treatment.
MCE waterproofing achieves a larger permeability reduction than topical treatment (4-
5 orders of magnitude for MCE in comparison with 3-4 orders of magnitude reductions
for PaviX or SofiX). The MCE waterproofing performance becomes more obvious
when a reference concrete at higher w/cm ratio is used; MCE can achieve 6 orders of
magnitude when the reference concrete is with w/cm=0.45.

Table 2 shows that the enhancement of internal crystalline treatment (MCE admix-
ture) with PaviX topical treatment achieves more pore-blocking i.e. larger reduction in
porosity and hence in permeability than single treatment. The enhancement of MCE
addition with additional PaviX topical treatment can achieve an additional one order of
magnitude reduction in permeability over single MCE addition. The reduction in per-
meability of 1% MCE with PaviX topical treatment is close (in the same order of mag-
nitude) to that for permeability reduction of the 2% MCE single addition. This indicates
that the enhancement of MCE with PaviX treatment can promote increasing w/cm ratio
while achieving the same waterproofing performance, since the additional PaviX treat-
ment compensate for the porosity increase due to increasing w/cm ratio, and hence
achieve a permeability reduction as the case with lower w/cm ratio that involves only
MCE addition.

Table 2 shows that the ChemCreteX has a high efficiency which is in the same order
of magnitude as MCE addition to low w/cm ratio (e.g. 0.41) or to the MCE with Pavix
additional treatment at higher w/cm ratio (e.g. 0.45). ChemCreteX produces imperme-
able concrete surface.



Reducing water penetration decreases the penetration of harmful chemicals that
causes water-related durability issues and reduces the availability of moisture within
the pores which reduces thermal issues.

4 Conclusions

There is a consistency in the results confirming the efficacy of the investigated crystal-
line materials, with all protocols, as pore blocking and porosity reduction waterproofing
solutions. Each of the investigated crystalline materials or protocols produces virtually
impervious concrete; achieving a coefficient of permeability less than 107! m/s, by at
least one order of magnitude. At least, there are three orders of magnitude reduction in
permeability is achieved by each of the waterproofing products. This indicates that
more than 99% reduction in permeability is obtained for each tested product and pro-
tocol. The investigated products, as single or combined treatments, provide significant
waterproofing performance that enhances durability of concrete and then extends its
service life.
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