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Precast, prestressed concrete box beams, 
bulb tees, and voided slabs are used in 
short-to-medium span bridges. These 
bridge elements have grouted keyway 
sections to transfer the vertical shear forces 
between adjacent elements. The keyways 
are filled with differing types of non-shrink 
grouts. By definition, these non-shrink 
grouts do not have requirements for 
maximum shrinkage limits or minimum bond 
strength. Both properties are critical for 
effective load transfer. In the field, leaking 
keyways and vertical faulting of keyways 
have been reported. A laboratory study was 
undertaken to compare component material 
tests and composite grouted keyway 
specimens using two different grouting 
materials: non-shrink grouts and magnesium 
ammonium phosphate mortars. Comparative 
composite specimens were tested in vertical 
shear, longitudinal shear, and direct tension. 
Results indicate significant differences in 
performance between the materials. 
Composite testing of the grouted keyway 
assemblies, rather than component 
materials testing, was shown to be a more 
accurate way to evaluate the performance 
of the grouting material. 
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M 
any sta te De partme nts of 
Transportation (DOTs) and 
co un ty bridge jurisdictions 

have made effic ient use of precast, 
prestressed concrete box beams. Sev
eral facto rs appeal to the agenc ies 
using this system: 

1. Fast installation 
2. ln-plant quality control, enabling 

productio n of hi ghl y d urab le, low 
water-cement ratio concrete 

3. Considerable shrinkage developed 
prior to shipment due to in-plant steam 
curing and cataloging, allowing drying 
shrinkage to occur prior to erection 

These bridge systems are favorable 
in short-to-medium span simple struc
tures employing either composite or 
non-composite design. 

To provide load transfer from one 
adjacent element to another, the key
way is grouted with one of several dif
ferent grouting materia ls, including 
non-shrink grouts or high cement fac
tor, truck-mjxed mortars . To aid in the 
control of member alignment, trans
verse post-tensioning or transverse, 
high strength threaded rods are ten
sioned to induce transverse compres
sion in the concrete system across the 
width of the bridge. Because the spac
ing of the transverse tensioning steel 
typically ranges from 20 to 40 ft (6.1 
to 12.2 m), much of the force can be 
dissipated between the stressing loca
tions and becomes ineffecti ve in pro
ducing a uniform compression in the 
members across the deck. Alternately, 
the keyway is g routed f irst and the 
members are then transversely stressed. 

After transverse stressing and subse
quent grouting, the deck surface is 
often coated w ith a waterproofi ng 
membrane and later overlaid with an 
asphaltic wear course (see Fig. 1). Al
ternately, the membrane is eliminated 
and a composite action concrete wear 
course is placed instead. This system 
is quick and simple to install and al
lows easy replacement of old bridges 
or upgrading for higher load capacity 
standards or wider lanes. 

PROBLEM DEFINED 
It has been brought to our attention 

by two regional Precas t/Prestressed 
Concrete Institute associations that, on 
occasion, problems occur with precast, 
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Fig. 1. Typical precast concrete box beam bridge section with asphaltic or concrete 
wear course installed. 
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Fig. 2. Typical precast concrete box beam bridge deck section with asphaltic or 
concrete wear course after significant traffic exposure. 

prestressed concrete box beam con
struction. Sometimes, the grout in the 
keyway allows leakage that is di scov
ered du ring inspection of the under
side of the precast concrete elements. 
This is ind icated by a white efflores
cence adjacent to the grouted keyway 
on the bottom face of the member. 

These leaki ng keyways can carry 
chloride-laden road salts or sea sprays 
to the underside of the box beams, 
voided slabs, and bulb tees. Capi llary 
action wicks these salts into the precast 
concrete, leading, at times, to corrosion 
of the tie bars and bottom strands adja
cent to the joints (see Fig. 2). Shrink
age and loss of bond wi th the keyway 

vertical face allow initial shear dis
placement [up to 0.02 in. (0.5 mm)] to 
develop with continuing fatigue, caus
ing the fai lure and deterioration of the 
keyway.' This provides the mechanism 
to over-stress the membrane as it be
co mes britt le in cold weather. The 
more rigid membrane becomes torn, 
losing effectiveness as a waterproofing 
material. 

An indication of imminent problems 
is the deve lopment of longitudin a l 
cracks in the wear course spaced typi
cally above grouted keyways in the 
wheel paths (see Fig. 3). These cracks 
occur principally in the righthand lane 
bu t can develop in both lanes on a 
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Fig. 3. Top view of keyway grouted precast concrete box beam overlay after 
significant exposure. 

Fig. 4 . Corroded prestressed strands on both sides of grouted keyway on bottom 
s ide of box beam bridge. Note staining on member. 

Fig. 5. Midspan replacement of box beam bridge. Arrows show replaced midspan 
box beams, deck, and hanging broken prestressed tendon from box beam. 
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split lane bridge. Both asphaltic and 
concrete wear course bridge surfaces 
may display this type of crac!Gng. 

During inspection after bridge top
pi ng and box beam elements have 
been removed, there have been several 
instances of the grout falling out of the 
formed keyway. Occasionally, cor
roded strands have been observed on 
both sides of the keyway on the bot
tom of these box beam elements with 
lengths of 6 to 10 ft (1.83 to 3.05 m) 
(see Fig. 4 ). 2 Some of these strands 
have concrete adhering to them. Loss 
of capacity and serviceability ensues. 

Strict control is placed on the precast 
concrete element. Post-tensioning 
transverse strands or high strength 
transverse threaded rods with nuts and 
plates are carefully spaced and stressed 
to provide compression across the ele
ments. Unfortunately, the grout is 
often given second-class treatment for 
its intended purpose - effective long 
term vertical shear transfer between 
adjacent members. Therefore, the grout 
becomes the weak link in the system. 

SIGNIFICANCE 
OF RESEARCH 

This keyway failure poses a signifi
cant maintenance problem to the bridge 
engineer, who now must have the wear 
course removed, the distressed box 
beams replaced, and the keyway grout 
replaced (see Fig. 5), or the underside 
of a prestressed concrete member re
paired. Often, a slight improvement is 
made in the design of the shear keyway 
itself, but little evaluation has been 
made of the grouting systems. This 
study attempts to evaluate keyway 
grouts from a different perspective in 
order to eliminate these costly service
ability and repair problems. 

OBJECTIVE OF 
THE TEST PROGRAM 

As a result of these reported prob
lems, a laboratory investigation of the 
keyway grout problem was initiated. 
A written inquiry requested submis
sion of materials for keyway grout 
consideration with the properties listed 
below: 
• Cementitious grout with non-shrink 

properties 
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• Polymer modified preference 
• Minimum placement temperature of 

40°F (4.4°C) and greater 
• Non-metallic 
• Free-flowing 
• Minimum strength of 6000 psi ( 41.3 

MPa) 
• Bond strength with I 00 percent in 

substrate failure 

PRELIMINARY 
EVALUATION 

Most DOTs and bridge agencies 
specify either plant ready mixed, high 
cement factor cement :sand mortar 
with a job-site added prehardening ex
pansive system containing a gassing 
agent or prepackaged non-shrink 
grouts that expand after hardening. 
These materials are used because they 
are considered non-shrink. An expan
sive mechanism is developed in the 
mortar to produce the non-shrink 
properties. A close review of the spec
ifications and the type of performance 
testing req uired revea ls that these 
types of grouts raise general concerns 
for the following reasons: 

1. Non-shrink grouts are covered 
under ASTM C 1107 Specification 3 

(see Table 1), which estab li shes 
strength, consistency, and expansion 
criteria. The physical properties of 
these grouts are li sted in Table 1 of that 
specification (not published herein) for: 
- ASTM C 942 using 2 in . (50.8 mm) 

restrained cube compressive strength• 
(see Table 2) 

- Consistency (see Table 3) 
- Vertical height change (see Table 4) 

Minimum and maximum require
ments are listed in this specification. 

This specification lists three types of 
grout depending o n their vo lum e 
change characteristics: prehardening 
volume controlled types ; post harden
ing volume controlled types; and com
bined volume controlled types. Work
abil ity of these grouts is defined by 
their consistency classification using 
the ASTM C 230 Flow Table' or the 
ASTM C 939 Flow Cone.6 

The prehardening height change re
quirements are measured by ASTM C 
827,7 the "Standard Test Method for 
Change in Height at Early Ages of 
Cylindrical Specimens for Cementi
tious Mixtures." The post hardening 
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requirements are performed according 
to ASTM C 1090,8 "Test Method for 
Measuring Height Changes of Cylin
drical Specimens from Hydraulic Ce
ment Grouts." These test methods rely 
on vertical height changes of 3 x 6 in. 
(76.2 x 152.4 mm) cylindrical speci
mens. The tests do not measure longi
tudinal drying shrinkage of the speci
mens because the procedures do not 
allow exposure to more than one dry
ing face. 

Despite its being called "Specifica
tion for Packaged Dry, Hydraulic
Cement Grout (Non-Shrink)," there is 
no requirement in the specification for 
three very important properties of a 
high quality keyway grout: maximum 
allowable shrinkage; minimum bond 
strength; and the requirement for mini
mum strength of 6000 psi (41.4 MPa), 
as mentioned previously. 

2. Requirements for free flowing 
can be attained with the fluid or flow
ab le co nsistency c lasses cited in 
ASTM C 1107. 

3. All cementitious materials should 
be protected from temperatures below 
40°F ( 4.4 °C) . At these temperatures , 
hydration is impeded, adversely affect
ing strength and expans ion develop
ment of non-shrink grouts. At tempera
tures slightly below 32°F (0°C), ice is 
formed, rendering the bond of the 
grout to the keyway ineffective when
ever freezable moisture is present. 

4. Polymer modified materials are 
preferred over cementitious products 
because of the following advantages:9 

- Improved bond to a substrate 
- Reduced chloride permeability 
- Internal self c urin g after initial 

moist curing 
-Improved freeze-thaw durability 

without air entrainment 

Table 1. Non-shrink grout specification 
requirements: ASTM C 11 07. 

Compressive strength requirements: 
- Restrained 2 in. (50.8 mm) cubes: 

ASTM C942 
--~ 

Vertical height change requirements: 
- Prehardening: ASTM C 827 
- Post harden ing: ASTM C I 090 

Consistency requirements: 
- Plastic and tlowable: ASTM C I 09 
-Fluid: ASTM C 939 

Note: ASTM C II 07 has no reqUirement for max i

mum shrinkage or minimum bond strength. 

Table 2. Non-shrink grout compressive 
strength requirements: ASTM C 11 07. 

Keyway grout: component testing 
I 

Compressive strength 
requirements: restrained 
2 in. (50.8 mm) cubes* 

psi (min.) li-a (min.) 

1 day IOoo+ 6.9 

3 days 

7 days 

28 days 

2500 

3500 

5000 

17.2 

24.2 

34.5 

* ASTM C II 07 has no requirement for minimum 
bond strength . 

t Optional strength at I day. 

- Lower creep coefficients 
Note that a significant reduction in 

drying shrinkage is not an advantage 
in polymer modified portland cement 
mortars. 

5. ASTM C 1107 does not differen
tiate betwee n the type of aggregate 
non-shrink grouts. Non-metallic and 
metallic versions are produced by sev
eral manufacturers who are compelled 
to produce a grout meeting the same 
requirements of Table l of that speci
fication regardless of the type of ag
gregate used. 

Table 3. Non-shrink grout workability requirements: ASTM C 11 07 specification 
consistency options. 

Consistency options: ASTM C 939 now cone or ASTM C 109 now table 

Flow classification 
ASTM test method 

Plastic and flowable 

Maximum at 5 drops 

Minimum at 5 drops 

Flu id 

Maximum, seconds 

Minimum, seconds T 

Plastic C 109 

125 percent 

100 percent 

n/a 

n/a 

j Flowable C 109 
~--- --

< 150 percent 1---> 125 percent 

n/a 

n/a 

---
I 

Fluid C 939 

t---
1 

n/a 

n/a 

30 

10 
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Table 4. Non-shrink grout expansion requirements : ASTM C 1107 specification. 

Expansion requirements: 3 x 6 in. (7.6 x 15.2 em) ver tical height change cylinders 

G rade classification -A-
T 

-B- -C-
Volume control type Preha rdening Post hardening Combination 
ASTM test method C827 c 1090 Both 

Early height change 

Maximum percent at 
fina l set +4.0 n/a +4.0 

Minimum percent at 
final set -0.0 n/a -0.0 

Height change of moist 
cured hardened grout 
at I. 3, 7. 14, and 28 days 

Maximum percent n/a +0. 3 +0.3 

Minimum percent -0.0 -0.0 -0.0 

Note: ASTM C 1107 gives no requirement for maximum shrinkage. 

Table 5. Keyway component: Ohio DOT precast concrete bridge member testing . 

Ohio DOT precast concrete mix design 

Medusa Type Il l cement 

Drummond Island limestone 

Hugo sand 

Total water content 

Values 

650 1bs I 
L 2000 1bs 

1300 lbs 

270 lbs 
--..., 

295 kg 

907 kg 

590 kg 

12.2 kg 

Corrosion inhibi tor 4 ga l/cu yd 15 li ters 

Air content ~ 5.0-;cent 

Slump (water-cement ratio at 0.42) 5.5 in. T 14 em 

Compress ive strength [3 x 6 in. (7.6 x 15.2 em) cylinders] 7225 psi G .8 MPa 

Table 6. Keyway component results: non-shrink grout, ASTM C 1107 compliance. 

Mix design 

Set non-shrink grout (Lot 24-9374-V4), lbs 

Mix water (0.8 gal or 13.5 percent). lbs 

Percent flow at 5 drops, ASTM C 230 

Vicat set time, (hr:min) ASTM C 807 

Compressive strength , ASTM C 942 cubes, psi 

Freshly mixed grout 

After 30 mi ns. working time 

128 at initial 

4:40 at initial 

Values 

50 

6.7 

., 

56 at 15 mins. 

6:15 at final 

1 day 3 days 7 days 28 days 

7360 

8052 

4600 1 5870 6740 

Height cha nge, ASTM C 1090 (3 x 6 in. cylinders) 

467::--1- 6390 ~ 

1 day 3 days 14 days 28 days 

+0.03 

+0.02 

Freshly mixed grout. percent 

After 30 mins., percent 

+0.02 +0.02 

+0.02 +0.02 

Note: I lb = 0.4536 kg; I gal= 3.785 liters; I psi = 0.006895 MPa; I in.= 2.54 em. 

6. Non-shrink grouts that have a 
minimum strength exceeding 6000 psi 
(4 1.4 MPa) may be selected for key
way grouting. Even though a 6000 psi 
(41.4 MPa) grout approaches the typi
cal strength of the precast concrete 
member, the compressive strength of 
the grout is reported by 2 in. (50 .8 
mm) restrained cube speci mens while 
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the precast concrete member is re
ported in ASTM C 39 cy lindr ical 
specimens.10 An adj ustment must be 
made for converting cube strength to 
cy linder strength, an d typica ll y a 
strength reduction factor ranging from 
0.80 to 0.75 is used to adjust 2 in. 
(50.8 mm) cubes to equivalent cylin
der strength . 

7. As indicated above, there is no 
bond strength requirement fo r non
shrink grouts cited in ASTM C 1107. 
Therefore, it is not possible to con
firm completely whether a substrate 
concrete fai lure has occurred with this 
test alone. 

TYPE OF SPECIMENS: 
COMPONENT AND 

COMPOSITE TESTING 
Most grouts are specified using a 

property type specification. The Table 
1 requirements of ASTM C 1107 are 
an example of the this type of compo
nent property approach. The grout , 
one part of the keyway assembly, must 
meet these minimum properties. 

For the other part of the assembly 
- the precast concrete element -
there may also be minimum proper
ties . Requirements are often cited for 
compressive strength, water-cement 
ratio, air content, slump, uni t weight, 
and elastic modulus for the precast 
concrete element. 

This approach only addresses half of 
the problem. There is still no way to 
determine if the requirement for 100 
percent substrate fai lure can be at
tained, unless the assembly is tested as 
a composite unit. The substrate con
crete, often with unique properties, ex
posure conditions, and surface texture, 
must be tested with the grout to con
firm the failure mode. 

Laboratory Results: 
Component Testing 

Because of the si multaneou s re
quests from the two regional PCI asso
ciations, laboratory tests were con
ducted comp aring two di fferent 
grouting materials. Tests were run on 
component materials and structural 
composite assemblies. 

Test results of the concrete used to 
produce the keyway shaped precast 
concrete elements of the assemblies 
are shown in Table 5. The concrete 
met the requirements of the local DOT 
specifications. 

Two different grouting materials 
were used to compare the performance 
in both component and composite test
ing. The non-shrink grout, approved 
by many DOTs, attained the properties 

PCI JOURNAL 



Table 7. Keyway component: shear key non-shrink grout testing. 

Mix design j_ Values 
---- -- --- -- -----

I 
Set non-shrink grout (Lot 24-9374-VI) SO lbs 22.7 kg 

Mix water [I gal (3.71iters) or 16.7 percent] 
I 

8.33 lbs 3.8 kg 

7-day compressive strength (ASTM C 942) 

I 

S870 psi 40.S MPa 

7-day tensile strength (ASTM C 190) 390 psi 2.7 MPa 

Table 8. Keyway component: shear keyway grout (Mg-NH4-P04 mortar) testing. 

Mix design Values 
----- ~---

Set-4S hot weather (Lot 24-160S-T3) 

Mix water [0.47 gal ( 1.77 liters) or 7 .8 percent by weight] 

7-day compressive strength (ASTM C 109) 

7-day tensi le strength (ASTM C 190) 

7 -day flexural strength (ASTM C 348) 

Applied Vertical 
Shear 

SO lbs 

3.91bs 

7260 psi 

557 psi 

1128 psi 

6" or 6.5" [15.2 or 16.6 em) 

22.7 kg 

1.8 kg 

SOMPa 

3.8 MPa 

7.8 MPa 

[24.1 to 30.5 Top of Specimen Straped to Base 

To Reduce Over-turning Moment 

.i. .i. Supporting Shim 

I I 
Vertical Shear Load Reaction 

Note: Loading Similar to On-Coming Truck Traffic with Car in Adjacent Lane 
Loading Similar to Vehicle on One Side of Keyway and No Vehicle on Other Side 

Fig. 6. Typical precast concrete box beam grouted keyway: direct vertical 
composite shear test. 

~ 6.5" [152c~J'',~ 
----f 

7" [17.8 em) 

Applied Tensile Load 

~---t_ 
Applied Tensile Load 

Note: Similar Loading to Shrinkage of GrouVPrecast Member or 
Loss of Tension In Transverse Strand 
Important Property in Maintaining Full Contact of Grout at' KeyWay Interface 

Fig. 7. Typical precast concrete box beam grouted keyway: composite direct 
tension test. 
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li sted in Table 6. These values exceed 
the requirements in ASTM C 1107 
Table 1. 

For this particular test program, a 
bag of grout was sampled for the com
ponent and composite assembly test
ing. Grout properties at the time of 
testing are shown in Table 7. It can be 
seen that the 2 in . (50.8 mm) re
strained cube compressive strengths 
met the requested minimum require
ments of 6000 psi ( 41.4 MPa). 

An alternative keyway grouting ma
terial was selected that had been used 
on several precast, prestressed con
crete bridge projects in the northwest 
United States. [twas also used on sev
eral Alaska precast concrete compos
ite bridges on the Dalton Highway and 
the Moore Creek cable-stayed bridge 
near Skagway. The objective was to 
note any differences in performance in 
both component and composite assem
bly testing. 

The material is a magnesium ammo
nium phosphate [Mg-NH4-P04] ·mortar 
studied by Popovics.' '·'2·

13 The retarded 
version was used because it has greater 
fluidity and has lower heat generation 
than the regular form ulation that is typ
ically used in rapid repairs of bridge 
decks and pavements. The product has 
been approved by many DOTs in the 
United States and Canada. 

The material properties exceeded the 
6000 psi (41.4 MPa) strength require
ments , per ASTM C 109, 14 and are 
cited in Table 8. The 2 in. (50.8 mm) 
cube air cured compressive strengths 
of this alternate material were about 25 
percent higher than the non-shrink 
grout at the time of testing , despite 
being the retarded version of this prod
uct. The water demand of the product 
was about 50 percent lower than the 
non-shrink grout for about equal de
grees of workability. 

Composite Testing: 
A Different Approach 

It was decided to test the component 
materia l in composite assemb li es 
using several different types of tests. 
Each test was composed of two dupli
cate specimens. Four test series were 
evaluated. 

The units were tested in vertica l 
shear mode (see Fig. 6) to simulate the 
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14.25" [36.2 em) 

___ _t_ 
Q>mposlte Unit Restrained 
Reduce Over-turning Moment 

Longitudinal Shear Load 

'·-,,~ 6 .5 " [16.5 em) 

Note: Loading Similar to Differential Shrinkage, Creep or 
Tempereture Movement at GrouVPrecast Bridge Element Interface 

Fig. 8. Typical precast concrete box beam grouted keyway: composite direct 
longitudinal shear test. 

Fig. 9. Consolidation of grout for 
composite units. 

action of a vehicle wheel load on one 
member and no wheel load on the ad
jacent member. In a situation where 
there is a car in one lane and a truck in 
an adjacent lane, a similar differential 
loading pattern develops. Two sizes of 
specimen were cast: 8 and 12 in. (203 
and 305 mm) shear keyway assem
blies conforming to local DOT shape 
requirements. 

To evaluate achievement of the 100 
percent substrate failure requirement, 
the specimens were tested in direct 
tension (see Fig. 7). This direct ten
sion test attempts to simul ate the 
transverse shortening of the precast 
concrete member due to continual 
creep and shrinkage and also simulates 
the drying shrinkage that can occur in 
the keyway grout. Only one size speci-
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men, the 8 in. (203 mm) deep keyway, 
was tested. 

Precast, prestressed concrete mem
bers experience continuous creep from 
the prestressing force and shrinkage 
from the concrete. Longitudinal shear 
tests were performed (see Fig. 8) in 
the direction parallel to the keyway to 
simulate the action of the prestressed 
concrete member shortening due to 
creep and shrinkage while the grout 
does not shorten to the same degree. 
Only the 12 in . (305 mm) size com
posite specimens were used in this 
type of test. 

Preparation and 
Curing Conditions 

A total of 16 keyway assemb ly 
specimens were cast. All specimens 
were sandblasted to remove laitance 
and reveal coarse and fine aggregate 
tips in order to produce a bondable 
surface. All the dust of the fracture 
was flushed off the interior faces of 
the keyway prior to grouting with both 
types of material. In keeping with ac
cepted practice for grouting, the key
way vertical surface was kept moist 
with damp towels for the non-shrink 
grouted assemblies to satisfy the initial 
concrete absorption. 

A wooden form was used to dam the 
ends and the specimens were then 
fi lled with either the non-shrink grout 
or the Mg-NH4-P04 mortar. A pud
dling stick was used to consolidate the 
grout in each specimen (see Fig. 9) . 
No intentional surface saturation was 
provided for the Mg-NH4-P04 mortar 
specimens except for water fl ushing to 

remove the dust of the fracture after 
sandblasting the vertical faces. 

Two specimens were cast for each 
type of grouting material. Only the 
vertical shear test was performed on 
both the 8 and 12 in. (203 and 305 mm) 
specimens. 

Special Comparative 
Exposure Condition 

To provide a worst case scenario, 
the contact surface of one series of 
eight additional keyway assemblies 
was intentionally left exposed to the 
laboratory air for several days to de
velop a carbonated interface after 
sandblasting but prior to grouting. 
These carbonated assemblies were 
used for the Mg-NH4-P0 4 specimens 
only. The same number of specimens 
and testing orientation were performed 
on these carbonated specimens. Two 
specimens each were given this type 
of exposure. 

Interface Exposure Implication: 
Mg-NH4-P04 Mortar Systems 

Air contains carbon dioxide (C02) 

that will react over time with the liber
ated lime from the hydrating concrete 
and produce a carbonated surface. 
This reaction is very typical of all con
cretes that do not have a sealer applied 
and whose surfaces are exposed di
rectly to air at certain temperatures 
and humidity ranges. 15 

Carbonation in concrete can be eas
ily confirmed, usually with a phe
nolphthalein solution indicator or a 10 
percent hydrochloric (HCl) acid solu
tion. When phenolphthalein is dripped 
on a carbonated surface, it remains 
colorless. If it is dripped on a non
carbonated surface or on a fresh ly 
fractured face, it will turn pink or pur
ple if the pH of the solution pore water 
is higher than 8.4. The HCl solution 
will exhibit an aggressive "fizzing" 
when dripped on a carbonated surface 
or a surface containing the dust of the 
fracture. No aggressive fizzing occurs 
on a non-carbonated surface. 

As Mg-NH4-P04 materials develop 
an initially low pH phase, approxi
mately 4.5, they later become buffered 
during hydration and stabilize at a pH 
of 8.5 . During thi s early hydration 
phase, the acid phase reacts with the 
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carbonated interface and produces a 
noticeable fizzing. The contact surface 
forms bubbles, reducing the bond con
tact area at the bond interface. This ac
tion is similar to dropping acid on con
crete whose surface had been moist 
cured with either ponding, wet burlap, 
or plastic sheeting and left to dry when 
exposed to the air afterward, allowing 
the surface to carbonate. 

Comparative Curing 

After g routin g , t he no n- shrink 
gro uted co mp os ite me mb ers were 
wrapped in damp towels and plastic to 
provide for optimum mo is t c uring. 
This procedure produces more com
plete hydration of the cementitious 
grout. This practice is recommended 
by the manufacturer but is rarely fol
lowed on bridge element grouting pro
jects. At the end of a 7-day curing pe
riod, the composite assemblies were 
stripped and allowed to air dry prior to 
testing on the next day. Virtually no 
drying shrinkage occurred with these 
specimens. 

Specimens that were grouted with 
Mg-NH4-P04 mortar were given only 
an air cure exposure, as recommended 
by the manufacturer. This is typical of 
most curing conditions for grouts used 
for filling the keyway in actual field 
practice. The Mg-NH4-P04 specimens 
were tested at the same age as the non
shr ink g ro ut co mp os ites . These 
grouted assemblies were ~llowed to 
undergo some drying shrinkage. 

COMPARATIVE 
COMPOSITE RESULTS 

Comparative test results of the non
carbonated compos ite samples are 
shown in Table 9. In all cases, the Mg
NH4-P04 gro uted compos ites di s
played an exceptionally higher failure 
load than the non-shrink grout com
pos ite specimens. The resul ts were a 
minimum of 250 percent higher than 
the sim ilarl y fabricated non- shrink 
grouted composites. This difference is 
fa r greater than the meas ured 2 in. 
(50.8 mm) cube compressive strength 
differe nces between the two compo
nent materials. The highest compara
ti ve difference, showing a 600 percent 
improve me nt in strength , occurred 
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Table 9. Comparative composite test results: non-shrink grout vs. Mg-NH4-P04 
mortar. 

f-
Failure load, lbs 

. Non-shrink Set-45 Percent increase vs. 
Type of test grout hot weather non-shrink grout 

12 in. keyway 
longi tudinal shear 2400* 14,300t 596 

l 2 in . keyway 
vertical shear 5850* 16,500t 282 

8 in . keyway 
vertica l shear I 7850* 20,250t 258 

8 in . keyway I 
di rect tension I 1940* 5730t 295 

Note: I lb = 0.4536 kg; I m. = 2.54 em. 
* Bond li ne fai lure. 
t Base concrete through grout fai lu re. 

Table 10. Comparative composite test results: keyway grout type and 
interface exposure. 

Failure load, lbs 

Carbonated 
keyway face Percent increase vs. 

Non-shrink Set-45 non-shrink grout 
Type of test grout hot weather (worst case) 

12 in . keyway 
longitudinal shear 2400* 4570' 190 

·~ 

12 in . keyway 
vertica l shear 5580* 85001 152 

8 in . keyway 
vertical shear 7850* 11 ,345t 145 

8 in. keyway 
di rect tension 1940* 4 1451 2 14 

Note: I lb = 0.4536 kg; I in. = 2.54 em. 
* Failure at contact face of keyway in bond. 
t Some bond line failure and bubbles at contact face. 

Table 11 . Comparative composite test results: interface exposure effect. 

Failure load, lbs 

Carbonated 
keyway face 

Set-45 
Type of test hot weather 

12 in. keyway 
longitudinal shear 4570* 

12 in . keyway 
vertical shear 8500* 

- f-----
8 in . keyway 
vertical shear 11 ,345* 

--1-----
8 in. keyway 
direct tension 4 145* 

Note: I lb = 0.4536 kg; I 10. = 2.54 em. 
* Some bond line fai lure and bubbles at contact face . 
t Base concrete through grout fai lu re. 

Non-carbonated 
keyway face 

Set-45 
hot weather 

14,300' 

16,500t 

20,250t 

57301 

Percent decrease due 
to C02 exposure 

68.0 

48.5 

43.9 

27.7 
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Fig. 10. Comparative failure modes: direct tension composite test. 
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Fig. 11. Comparative failure modes: vertical shear composite tests. 

Fig. 12. Comparative failure modes: longitudinal composite shear tests. 
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with the lateral shear test composites 
on the 12 in. (305 mm) deep keyway 
composites. 

The carbonated interface specimens 
were similarly tested and the results 
are compared in Table 10. The Mg
NH4-P04 composites, even with the 
carbonated interface, still produced 
higher failure load s than the non
shrink grout samples. A minimum 140 
percent increase in composite strength 
performance was attained with these 
adversely exposed spec imens. They 
even out-performed the non- shrink 
grout composite specimens that were 
given optimum moist curing. 

The relative difference in surface 
exposure of the carbonated and non
carbonated surfaces of the keyways 
used in the Mg-NH4-P04 specimens 
was evaluated. Effects of carbonation 
exposure are compared in Table 11. 
Results range from a high of 68 per
cent to only 28 percent reduction in 
performance. Despite this adverse ex
posure, all carbonated specimens in 
the Mg-NH4-P04 series still exceeded 
the optimally cured non-shrink grout 
composites. 

Failure Modes 

Comparative failure modes showed 
100 percent substrate failure in the di
rect tension test of the Mg-NH4-P04 
composite non-carbonated specimens 
in all cases. Failure of the non-shrink 
grout always occurred at the bond llne. 
Fig. 10 shows the relative failure 
modes in direct tension. The Mg-NH4-
P04 specimens failed in the 7200 psi 
(49.7 MPa) precast concrete when 
tested in direct tension, fractming the 
coarse aggregate. 

When tested in vertical shear, the 
failure modes of the non-shrink grout 
also always occurred at the bond line. 
Fracture occurred partially in the grout 
and the precast concrete with the Mg
NH4-P04 mortars. Comparative failure 
modes are shown in Fig. 11 . Little ef
fect of eccentricity of the applied load 
was noted. 

Although the comparative longitudi
nal shear results typically showed the 
highest percentage increase, the frac
tures reported did not appear to pro
duce an expected failure mode as 
cracking transverse to the vertical key-
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way developed (see Fig. 12). When 
the specimens were loaded, the ap
plied load was transmitted through a 
bar. This bar rested in part on the 
specimen and in part on the grouted 
keyway haunch surface (see Fig. 13). 
An erratic pattern in the fracture oc
curred in the precast concrete. Part of 
this load pattern probably resulted 
from the built-in eccentricity in the 
testing procedure and the long span 
length of the larger longitudinal shear 
keyway specimens. 

PREVIOUS 
LABORATORY RESULTS 
Previous unpubli shed laboratory 

testing confirms the excellent proper
ties of Mg-NH4-P04 mortars (see dis
cussion below and especially Figs. 14 
through 18). Test data on bond strength 
and comparative drying shri nkage 
were evaluated to see if this could be 
the reason for the improved composite 
testing result differences. ChJoride so
lution absorption was also checked to 
see if the mortar will readily pass a 
chloride solution from the top of the 
keyway to the bottom through the 
grouted keyway itself. 

Bond Tests: 
Direct Tensile and Slant/Shear 

The excell ent bond strengths ob
served were confirmed by previous di
rect tensile bond testing on cored spec
imens taken from 4500 psi (3 1.0 MPa) 
limestone concrete substrates overlaid 
with Mg-NH4-P04 mortars. Both the 
regular and the retarded overlay for
mulations produced substrate fractures 
when tested in direct tension. The sub
strate concrete was properly prepared 
and the carbonated surface was re
moved by sandblasting and flushing 
with water. 

Direct tensile strength resu lts ap
proached 10 percent of the compres
sive strength of the substrate concrete 
whenever proper preparation to re
move the carbonated zone was em
ployed . When the surfaces were inten
tionally all owed to carbonate after 
preparation, bond line .failures at a sig
nificantly lower level were attained. 
Bond line fai lure occurred with both 
types of Mg-NH4-P04 type overlays 
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Fig . 13. Composite testing : longitudinal shear test orientation. 

600 MPa 

lilll!l Carbonated Substrate [Regular Set-45) 

~ 500 

£ 
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Fig. 14. Mg-NH4-P04 comparative tensile bond strength: ACI 503 appendix 
method. 

on carbonated surfaces (see Fig. 14). 
When evaluated by ASTM C 882 

slant/shear bond type testing on onl y 
4300 psi [29.7 MPa] substrate con
crete,'6 Mg-NH4-P04 overlays pro
duced slant/shear bond test values, ex
pressed on the elliptical surface area, 
meeting the requirement for epoxies 
covered under the ASTM C 881 speci
fication 17 (see Fig. 15). The effect of a 
carbonated surface readily produced 
lower slant/shear bond values that did 

not provide results exceeding the min
imum requirements of ASTM C 881 
for epoxy concrete. 

The bond of Mg-NH4-P04 mortar to 
itself is quite remarkable as measured 
by this same test procedure. Because 
Mg-NH4-P04 mortars are not suscepti
ble to carbonation, due to the absence 
of lime in the system, the high bond of 
the material to itself is logical. This 
has implications for permitting grout
ing in horizontal lifts . 
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Because shear results can be influ
enced by relative differences in drying 
shrinkage of the grout compared to the 
precast concrete member, any grout 
with low drying shrinkage should pro
duce higher shear test values as this 
additional shear stress is minimized. 
Note that this type of shrinkage is long 
term drying shrinkage and is not con
sidered a vertical settlement shrinkage 
correction , which is mandatory for 
non-shrink grouts. 

Shrinkage Tests: Length Change 
and Weight Change 

Drying shrinkage values were com
pared using 3 x 3 x 10 in. (76.2 x 76.2 
x 254 mm) ASTM C 157 " prisms, 
which allow exposure to 50 percent 
relative humidity on four sides at 70°F 
(21 °C). The results show Mg-NH4-
P04 mortars shrink five times less 
than 0.32 water-cement ratio concretes 
having a 3/ 4 in. (19 mm) maximum 
size aggregate (see Fig. 16). Given 
identical conditions, an even greater 
difference would be anticipated with 
non-shrink grouts because no coarse 
aggregate restraining effect occurs in 
the non-shrink grout prisms. 

The comparative drying shrinkage 
of Mg-NH4-P04 systems was moni
tored using a 4 in . (1 02 mm) cube, 
weight change procedure simil ar to 
that found in NCHRP T 244 for evalu
ating sealers. 19 After curing in a plastic 
bag, all of the cubes were allowed to 
air dry in a 70°F (2 1 °C), 50 percent 
relative humidity environment for 
over 2 months . The Mg-NH4-P04 
specimens were cast with both 3/s in. 
(9.5 mm) pea gravel and also as mor
tar only specimens, while the refer
ence portland cement specimens were 
only cast with the 3/s in. (9.5 mm) pea 
gravel aggregate. Confirmation of the 
Mg-NH4-P04 mix ' s lower drying 
shrinkage rates, by weight loss, is 
shown in Fig. 17. 

Chloride Absorption 
Confirmation 

Chloride absorption was also moni
tored using 4 in. (102 mm) cube speci
mens. These data, shown in Fig. 18, 
compare portland cement mixes con
taining 3/s in. (9.5 mm) pea gravel ag
gregate and 0.6 water-cement ratio by 
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Fig . 15. Effect of age and surface condition on bond strength: Mg-NH4-P04, ASTM 
C 882 method. 

Ul700 
.c -•- 3/8" Mg NH, PO, Concrete (Extended Set-45] 

--- Mg NH, POl Mortar [Set-45) !eoo 
-•- 0.32 'W/C Ratio Portland Cement Concrete 

~500 
z 
~400 
t5 
6300 
a: 

---------·----------------------~ r------

S:2200 ::E 
f 
I 
I 
I 

/ , 

, , , 

w 
~ 100 
~ 

/ Jl-~~--·••:s:=~=========~========~ 
l w 
1/-

0~--r--,---r--.---~-.--~--.---~-.--~---.--~-. z 
0: 
:r: 0 28 56 84 112 140 168 '96 
(/) TIME, Days 

3/8" [9.5 mm] MSA Mg NH. PO. Concrete 
3/4" [19.0 mm] MSA Portland Cement Concrete With HRWRA 

Fig . 16. Comparative Mg-NH4-P04 vs. concrete shrinkage: ASTM C 157 method. 

weight. Much less chloride solution up
take was observed with the Mg-NH4-
P04 than with the portland cement con
crete specimens. These data confirm 
work done by Pfeifer.20 The Mg-NH4-
P04 concrete mixes were compared to 
specialty concretes and structural con
cretes coated with silanes. Low chlo
ride permeability was also noted in this 
other independent study. 

CONCLUSIONS 
1. Composite testing provides a 

method for evaluating the type of re
sulting fracture produced at ultimate 
strength of the specimens . Fai lu re 
loads that produce fai lure in the sub
strate concrete are the maximum at-

tainable, unless the strength of the 
substrate concrete is modified. 

2. Composite testing of grouted 
keyway assemblies provides much 
more practical information than com
ponent testing of the materials. Effects 
of grouting materials, precast concrete 
member keyway shapes, curing, sub
strate exposure, and texture can be 
evaluated. 

3. Composite assemblies made with 
Mg-NH4-P04 mortars have shown 
higher values when tested for direct 
tensile bond strength, vertical shear 
strength, and longitudinal shear 
strength - far greater than accounted 
for in the slight difference in compres
sive strength compared to non-shrink 
grout assemblies. 
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4. The remarkably good tensile 
bond test results compare favorably to 
the excellent bond strength properties 
of Mg-NH4-P04 mortars. Of the mate
rials tested, this material was the only 
one that met the 100 percent substrate 
fail ure criterion cited by the requesting 
regional PCI associations. 

5. Despite purposely producing a 
less than optimum bondable carbonated 
surface, higher composite strengths 
were still attained with Mg-NH4-P04 

mortar specimens than with commonly 
used, but moist cured, non-shrink 
grouted specimens. 

6. The effect of carbonation at the 
interface of the substrate concrete will 
produce lower bond strengths with 
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Mg-NH4-P04 systems. This reduced 
bond effect can be negated by check
ing the surface for carbonation and 
with adequate, but timely, preparation 
prior to keyway grouting .. Significant 
carbonation is less likely to occur on 
very low water-cement ratio, properly 
cured, and properly prepared concrete 
surfaces. 

7. The drying shrinkage of Mg
NH4-P04 mortars/concretes is signifi
cantly lower than 0.32 water-cement 
ratio concretes containing coarse ag
gregates. This difference occurs in 
both lower weight loss and lower 
length change values due to drying 
shrinkage. This may have important 
long term implications on the im-

proved vertical and lateral shear resis
tance of the Mg-NH4-P04 grouted 
composite specimens. Compared to the 
moist cured non-shrink grout speci
mens , further comparative improve
ment in shear capacity may be experi
enced due to significantly lower drying 
shrinkage of Mg-NH4-P04 systems. 

8. Significantly lower chloride ab
sorption of the Mg-NH4-P04 materials 
occurs as confirmed in separate inves
tigations. This is an important prop
erty for keyway grouts that can absorb 
and/or pass chlorides from road salts 
or sea sprays to the underside of pre
cast, prestressed concrete box beams 
and bulb tees through the grout itself 
or along the failed bond interface. 

RECOMMENDATIONS 
Based on the findings in this paper 

resulting from field, laboratory, and 
other investigative sources, the follow
ing recommendations are offered for 
guidance in selecting a high perfor
mance keyway grout. This will elimi
nate the weak link in the keyway com
posite and eliminate inadequate 
specifications based on the component 
specification reliance. These recom
mendations will not substantially in
crease the cost of the grouted element 
nor will any major design changes or 
sophisticated details be required. 

1. Preliminary consideration should 
be given to keyway grouting materials 
that have inherent bond strength high 
enough to fail in the substrate of prop
erly prepared high strength concretes, 
preferably in an air curi ng environ
ment. Materials that produce failure in 
the substrate concrete in direct ten
sion, per ACI 503 Appendix Testing, 
and exceed the ASTM C 882 slant 
shear test for epoxy requirements may 
be initially considered. 

2. Further screening should be 
given to materials that have very low 
negative shortening strains based on 
the ASTM C 157 length change test. 
Care should be taken to measure 
shrinkage strains from the point of 
maximum expansion if the material 
complies with the mandatory vertical 
height change requirements of ASTM 
C 1107, Table 1. A good check on 
shrinkage without involving net 
shrinkage determinations [expansion 
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(minus) shrinkage] is to use weight 
change determinations. NCHRP T 244 
offers a good basis to compare spe
cialty concrete systems. 

3. The same NCHRP T 244 report 
offers a method to select materials that 
display low chloride absorption capa
bility without the necessity of using 
other more sophisticated testing proce
dures. The AASHTO 90-day modified 
ponding test may offer the same type 
of chloride screening. 

4. Provide all keyway faces with an 
aggressive grit blasted texture at the 
plant immediately prior to shipment to 
the job site. The dust of fracture must 
be removed with pressure washing. A 
second option is grit blasting of faces, 
followed by high pressure washing, at 
the job site. These preparation meth
ods will remove surface laitance and 
form release agents, both of which 
produce a substrate with poor bonding 
qualities. Such a procedure will pro
duce a substrate interface with the tips 
of the coarse and fine aggregate ex
posed, while at the same time remov
ing initial carbonation. In cases where 
the specimens are only grit blasted at 
the plant to produce adequate texture, 
a high pressure power washing of the 
surface is necessary to remove any 
road dirt and recent carbonation im
mediately prior to erection and grout
ing at the job site. 

Adequacy of preparation can be ver-
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ified by testing the prepared surface 
with a 10 percent HCl solution and 
comparing it to the top of the element, 
which has not been similarly prepared. 
Aggressive fizzing should be noted on 
the non-grit blasted (top) surface. 

Similarly, a solution of phenolph
thalein can be used as a comparative 
screening test, with a pink or purple 
color indicating a non-carbonated sur
face. Phenolphthalein will not be ad
versely affected by the fine dust of 
fracture that may remain if high power 
water flushing is not used. Because of 
the alkalis in portland cement, a slight 
pink hue may be noted on the carbon
ated surface. For this reason, both test 
methods should be used on a compara
tive basis. 

5. Specify a direct tension proce
dure for a composite test evaluation 
(properly prepared keyway and key
way grouting material) to determine 
the failure mode and failure load. Best 
results are obtained with failure within 
the keyway substrate concrete. 

6. Test the composite keyway in 
vertical shear to determine the failure 
mode and also the magnitude of fail
ure load. This testing should be per
formed after the materials are given a 
proper curing period, as recommended 
by the manufacturer, and also after 
some drying shrinkage has occurred. 

7. Mg-NH4-P04 mortars show the 
above properties through laboratory 

testing and have been successfully 
used in field applications for keyway 
grouting. Their continued use should 
be encouraged in this application to 
eliminate some of the keyway related 
problems encountered to date. Carbon
ation testing, as recommended above, 
will ensure optimum bond and shear 
capacity. 

8. The use of non-shrink grouts 
should be discouraged for keyway 
grouting applications unless the spe
cific proposed material passes the con
siderations provided in numbers 1, 2, 
3, 5, and 6 above. 
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