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Abstract

Many underground excavation failures are caused by severe water inflow due to the piping through the opening in the
diaphragm wall. The opening can be created by slurry pocket or air pocket during concrete placement by tremie method. This type
of defect in diaphragm wall can be detected by sonic logging to show the condition of trench wall and by measuring actual
concrete dosage during placing. The same detecting method can be used in two very rare case histories where just-completed
primary panels in very soft and thick clay deposit were overturned from the adjacent tremie concreting secondary panel during
cold winter. The abnormal increasing concrete dosage and the smooth trench wall profile of secondary panel from sonic logging
identify the occurrence of this incident. The causes to trigger this incident include (1) panel size, (2) weather condition, (3) tremie
concreting speed of secondary panel, (4) initial and final setting times of concrete in trench, (5) roughness of trench wall, etc.
Since the temperature for the two case histories is very low during tremie concreting, the initial setting time of concrete in
secondary panel, given by equivalent age maturity function, is much longer than the time to place the concrete in secondary panel.
To clarify the failure mechanism, the force-equilibrium analysis of inclined primary panel is conducted taking into account the
driving force induced by the concrete pressure in the unset secondary panel and the resistant force given by the adhesion between
inclined primary panel and soft clayey soil. It can be concluded from this investigation that the concrete in the secondary panel
due to lower concrete curing temperature still remains unset or in plastic form and this will generate much larger driving force to
push the adjacent just-completed primary panel to tilt. The measures to prevent similar incidents from happening are also

suggested in this paper.
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1. Introduction

For a diaphragm wall construction, primary and secondary
panels are constructed in alternating order (or pilgrim). Primary
panels are constructed after a guide wall is prepared. Each
secondary panel is then placed in between two primary panels
and closing the gaps. End plates are used to form joints in
connecting primary and secondary panels. They make the
diaphragm wall system watertight and are able to transfer
external forces like bending and shear forces during basement
excavation. End plates and nylon sheets bound along both sides
of end plate are together used to form a blocking screen to keep
the tremie concrete from detouring into the evacuated slurry
trench (Ou, 2006).

The tremie method is to be used for concrete placement,
during which concrete displaces the bentonite slurry from
bottom of trench to prevent concrete from mixing with bentonite
slurry. As the concrete continues to rise in the trench, the tremie

pipe should be shortened accordingly and the embedded length
of tremie pipes in concrete should be maintained below the
concrete surface at least 2 meters to prevent cold joints from
forming. Therefore, the concrete of first pouring can be ultimately
found at the top of the panel and any possible impurities that are
picked up from contact with bentonite slurry can be cleaned
without difficulty. If the trench wall profile from sonic logging
displays the necking nature, the actual concrete dosage should be
less than the designed dosage. However, the under dose can be
either caused by voids in diaphragm wall or necking of trench
wall or both. On the other hand, the over dose due to trench wall
collapse could also be occurred together with the necking
phenomenon (Ni and Cheng, 2012). Any abnormal conditions
can be diagnosed in the first place by comparing the actual
concrete dosage to the designed dosage along with the condition
of trench wall profile from sonic logging.

The practice mentioned above can produce good quality of
diaphragm wall in general. However, there are two very rare
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failure cases where just-finished adjacent primary panels are
tilted away from the concreting secondary panel. There are three
common features in these two failure cases. Firstly, the
temperature during diaphragm wall construction was very low,
down to 14°C. Secondly, the subsoil is very soft and thick clay
deposit, with undrained shear strength less than 20 kPa. Lastly,
the tremie concreting speed, hitting a rise of 17 m per hour, was
unusually fast. The objectives of this paper are: (i) to clarify the
failure mechanism of primary diaphragm walls in very soft clay
during cold winter and (ii) to provide a checklist after this
investigation to prevent similar incidents from happening again.

2. Casel

2.1 Site Characterization

Plan view of the alternatively constructed 1-m thick, 41.2-m
deep primary and secondary panels is given in Fig. 1(a). The
daytime temperature was around 14°C and was even lower in the
night. During concrete pouring, the concrete level following
each pouring was recorded and compared with the designed
concrete dosage as shown in Fig. 2. The smooth trench wall
profile detected from the sonic logging of the concreting
secondary panel shown in Fig. 2 rules out the possibility of over
dose of concrete. Before the concrete level rises to 10 m below
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Fig. 1. Force-equilibrium Analysis and Trench Wall Profile from
Sonic Logging for Case | (after Ni and Cheng, 2014): (a)
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(d) Force-equilibrium Analysis
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Fig. 3. Sonic Logging of End Plate at Right Hand Side of 2" Pri-
mary Panel (after Ni and Cheng, 2014)

the ground surface, the actual concrete dosage matches reasonably
well with the designed dosage. However, after the concrete level
exceeds 10 m below the surface the actual concrete dosage
begins exceeding the designed dosage, at which time the
adjacent primary panel starts to tilt. The sonic logging after
excavation of the successive secondary panel supports this point
of view (Fig. 3). The increase of 40 m’ in concrete dosage is
almost identical to the volume of trapezoid region created by
moving a 39.85-m tall primary panel sideways 1.8 m at top and
02 m at bottom, as shown in Fig. 1(d). Some serious
construction issues related to this event are highlighted as
follows. Firstly, the steel cage overlapping between the just-
finished primary panel and the concreting secondary panel may
not be sufficient (Fig. 1(b)). Secondly, the construction of the
successive secondary panel and fulfilling a required overlapping
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Table 1. Physical and Mechanical Properties of Subsoil for Case | (after Ni and Cheng, 2014)

Depth | Blow | Soil Water Unit ILiquid limit l?lasticity Sand | Silt Clay co?nr;fe)(sl:il\/e S, from Optimal
(m) |count N| Type Con:gent ® Welght};f, LL (%) index PI (%) (%) (%) strength g, SUU2 S, ,
(%) (KN/m’) (%) (KN/m?) (KN/m?) (KN/m?)
1 2 CL 35 18.15 49 24 10 49 41 7.053
2 2 CL 37 18.05 51 26 10 58 32 7.877
3 2 CL 37 17.46 51 26 10 58 32 NDA 8.554
4 2 CL 40 17.36 43 21 5 73 22 8.476
5 2 CL 36 17.36 43 21 4 64 32 9.457
6 1 CL 36 17.27 43 21 4 64 32 20.6 7.524
7 2 CL 32 17.66 38 16 6 69 25 11.134
8 2 CL 35 17.66 35 13 3 58 39 NDA 10.644
9 2 CL 35 15.79 35 13 3 58 39 NDA 10.006
10 2 CL 25 15.79 32 12 4 73 23 50.0 14.048
11 2 CL 28 18.34 31 12 4 76 20 13.930
12 2 CL 28 18.54 31 12 4 76 20 NDA 14.843
13 3 CL 33 18.54 35 12 1 63 36 18.149
14 3 CL 35 18.25 35 11 1 47 52 17.658
15 5 CL 35 18.25 35 11 1 47 52 66.7 26.095
16 5 CL 35 18.25 36 15 0 37 63 25.388
17 5 CL 33 17.27 38 17 1 54 45 26.183
18 4 CL 33 17.27 38 17 1 54 45 NDA 314 25.329
19 5 CL 30 16.48 39 16 2 50 48 29.116
20 5 CL 32 16.48 39 18 1 57 42 27.615
21 5 CL 32 18.05 39 18 1 57 42 NDA 31.264
22 6 CL 33 17.76 37 18 1 61 38 108.9 35.385
23 6 CL 36 18.25 37 16 0 55 45 32.814
24 7 CL 36 18.25 37 16 0 55 45 54.9 39.260
25 8 CL 30 18.84 36 15 2 66 32 NDA 45.489
26 8 CL 35 18.84 38 14 0 48 52 NDA 43.576
27 7 CL 35 17.95 38 14 0 48 52 52.0 41.908
28 10 CL 26 19.13 36 18 3 65 32 58.9 61.774
29 10 CL 29 19.13 34 14 1 70 29 NDA 54916
30 7 CL 29 18.25 34 14 1 70 29 127.5 37.3 49.236
31 8 CL 34 18.25 35 9 0 50 50 NDA 44.488
32 8 ML 34 18.34 NP 2 70 28 NDA 24.525
33 12 ML 33 18.34 NDA NP 2 70 28 94.2 39.142
34 12 ML 32 18.25 NP 7 76 17 64.7 49.1 40.810
35 10 CL 32 18.25 41 17 1 55 44 n/a 61.607
36 13 CL 32 18.64 41 17 1 55 44 1432 76.793
37 13 CL 24 19.03 28 10 38 53 9 71.564
38 13 CL 24 19.91 26 10 20 61 19 NDA 70.760
39 12 CL 24 19.91 26 10 20 61 19 NDA 68.503
40 12 ML 25 18.84 NDA NP 39 49 12 36.788
41 11 ML 30 18.93 NP 5 71 24 33.717

NDA =No Data Available

of steel cages with the primary panel are not likely to be
conducted (Fig. 1(b)).

2.2 Subsoil Conditions

The borehole logging and properties of soil on site are given in
Table 1, by which the estimate of the undrained shear strength,
S,, can be conducted using the following four methods. Firstly,

Vol. 00, No. 0/000 0000

the blow count N value can be converted to S, using Eq. (1)
(Japan Road Association, 1977). Secondly, the moisture content
with the Atterberg limits can also be used to provide the estimate
of S, by using Eq. (2) (Bjerrum and Simons, 1960). Thirdly, S,
can be estimated using the unconfined compressive strength ¢,
(Eq. (3)). Lastly, Unconsolidated Undrained (UU) triaxial test is
the simplest and quick way to determine S, of undisturbed and
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Fig. 4. Optimal Undrained Shear Strength Profile for Case | (after
Ni and Cheng, 2014)

saturated soil samples. In this study, an optimization method
suggested by Marler and Arora (2004) is utilized to conduct the
estimate of the optimal undrained shear strengths taking into
account different weighting factors, depending on the R-square
of regression analysis in raw data quality, onto S, (Eq. (4)). A
minor adjustment of the weighting factor has been made to
consider the nature of slightly over-consolidated surface soil
despite the poorer fit of the blow count data than the liquidity
index /; data (Fig. 4(b)). Consequently, the optimal undrained
shear strength profile can be obtained, as shown in Fig. 4(c). The
friction force between concrete panel and in-situ soil is
controlled by the S, value of clayey soils and counterbalances the

_4-

driving force resulting from concrete pressure of the concreting
diaphragm wall panel which in turn is a function of time of
setting.

S,(t/m?) =N value / 1.6 )
S(tm?) =0.18 x & x ()" ?)

where /; is liquidity index

S, =q./2 3)
S,=0.5xNvalue/1.6+0.4 x0.18 x o} x (I)"**
+0.05% q, /2 +0.05 x S, (from SUU) )

2.3 Time of setting

Concrete pressure during its tremie concreting of the
secondary panel is a function of time of setting and this pressure
would be larger when concrete remains unset due to lower
concrete curing temperature and fast concrete placement, thereby
resulting in the primary panel tilting. The initial setting time
under cold weather conditions is longer than that under normal
temperatures (Carino and Lew, 2001; Brooks et al., 2007).
Therefore, it is important to know setting times of concrete
samples cured with fluctuating temperatures using the equivalent
age maturity technique, even if concrete mixtures are made with
different water-to-cement ratios and supplementary cementing
materials (Brooks et al., 2007; Wade ef al., 2010).

With this maturity technique, initial and final setting times in
the ranges of usual practice for which the most commonly used
mixture-specific setting-maturity relationship and activation
energy are introduced can be estimated. In general, the time of
setting due to the use of fly ash can be increased at different rates
relating to the type of fly ash. The use of slag seems to have
small influence on setting times. The equivalent age maturity
function outlined in ASTM C 1074 (2011) is given in Eq. (5)
which has been accepted as the most accurate maturity formula.

J— _E( 1 _ 1
fe ZOGXI’[ R273+T, 273+T)}<At )

Where E= activation energy(J/mol)

R= universal gas constant (8.314 J/mol K)

1.= Average concrete temperature during interval At
O

t,= Equivalent age at reference curing temperature
(hr)

T,= Initial datum temperature (°C)

At= A time interval (hr)

Hansen and Pedersen (1977) proposed the activation energy
formula, relating the activation energy to the concrete temperature
(T) as shown in Eq. (6). The equivalent age maturity after
incorporating Hansen and Pedersen (1977) can produce the best-
fit results of compressive strengths (¢, < 100h) at uniform curing
temperatures ranging from -10 to 80°C.

E (T.) = 33,500 J/mol for 7, > 20°C (6a)
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Table 2. Concrete Mixture Properties for Case | (after Ni and Cheng,

2014)
Water-to-Cementitious Materials Ratio 0.47
Water (kg/m®) 188
Cementitious Materials (kg/m®) 400
Type I Cement (kg/m®) 320
Aggregate (kg/m®) 1822.1

Slag (kg/m®) 40

Fly Ash (kg/m’) 40

Concrete Strength (kg/cm?) 280

E(T)=33,500+ 1,470 x (20 — T;) J/mol for T, <20°C  (6b)

During tremie concreting of the secondary panel, the
temperature 7, was as low as 14°C. By Eq. (6), the activation
energy can be estimated as 42320 J/mol which is within the
range of 40,000-45,000 J/mol recommended by ASTM C 1074
(2011) for strength estimations for which Type 1 Portland
cement with no admixtures is used.

Since the concrete mixture (Table 2) adopted on this site is
very similar to that adopted by Wade et al. (2010). The initial
setting time is about 4.2 hours if concrete is cured at constant
temperature of 23°C (Wade et al., 2010). However, by Eq. (5),
the initial setting time due to this lower concrete curing
temperature of 14°C is longer; that is, 7.2 hours. As the tremie
concreting speed for this secondary panel was as fast as 10 m/
hr, it takes only 3.1 hours for concrete surface rising from
bottom (GL.-41.2 m) to 10 m below the ground surface,
which is much shorter than the initial setting time of 7.2
hours, indicating that the concrete in the secondary panel still
remains unset or in plastic form and this will generate much
larger driving force to push the adjacent just-finished primary
panel to tilt.

2.4 Equilibrium Conditions

The diagram of the driving forces and resistant forces acting on
the tilted primary panel are given in Fig. 1(d). The overturning
point, Point O, is at the lower left corner according to the
observations on site over this incident. The driving forces include
two components, the unset concrete pressure, F,; = 11446.4 kN
(Eq. (7)) and the self-weight minus buoyant force of primary
panel, W’ = 1687.6 kN (Eq. 8). It can be seen from Fig. 4(c) that
the horizontal resistant force resulted from the adhesion between
primary panel and soft clay is derived from the S, value in two
parts, F;, and F,, (Egs. (9) and (10)). Since the total horizontal
resistant force of 9388.4 kN plus base friction is a bit less than
the driving force of 11446.4 kN, the primary panel is thus
horizontally moved by 0.2 m as shown in Fig. 1(d). By Eq. (11),
the safety factor against overturning is calculated as 0.99,
indicating that the primary panel starts to tilt when the concrete
surface rises to 10 m below the surface. Because on-site crew are
kept in the dark, tremie concreting still carries out until overturning
accompanied by the sudden drop of concrete surface from 4.4 to

Vol. 00, No. 0/000 0000

7 m below the surface occurs (Fig. 2).
Fd=%xtxkhszzdz @)

where ¢ and %, are panel thickness and lateral earth pressure
coefficient, respectively,

W'= (=5 % Vpanel ®
F =[(0.5+1.5) x 9.65/2] x 3 x 2 x 9.8 = 568.4 kN )
F,=[(0.5+8.5) x 30/2] x 3 x 2 x 9.8 = 8820 kN (10)
FOS =M,/ My (an

where
M,;=(11446.4x 10.4 + 1687.6x 1.5) = 121574 KN-m
M, =(568.4x 34.22 + 8820 11.5) = 120880.6 kKN-m

3. Casell

3.1 Site Characterization
Figure 5(a) shows the diagram of 1.2-meter thick and 36.3-
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Fig. 5. Force-equilibrium Analysis and Trench Wall Profile from
Sonic Logging for Case IlI: (a) Before 2™ Primary Panel
Overturning, (b) After 2™ Primary Panel Overturning, (c)
Sonic Logging of 2" Primary Panel, (d) Force-equiliorum
Analysis
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meter deep primary and secondary diaphragm wall panels. A
faster speed of 17 meters per hour was used for concreting this
secondary panel. The daytime temperature was about 15°C and
even colder into the night. The sonic logging of the secondary
panel in Fig. 6 shows the ideal trench wall profile. Thus, the
actual concrete take should be similar to the theoretical value.
This is observed until concrete surface rises to GL.-8.5 m, and
then the abnormal increase of concrete take over theoretical
value occurs. It is believed that this is the moment the panel starts
to incline.

3.2 Subsoil Conditions

This site is covered with a 2-meter backfilled material underlain
by a very thick and soft silty clay deposit to GL.-32 m, and then
followed by a 1-meter silty sand thin layer and sandstone
bedrock. The borehole logging and properties of soil on site are
given in Table 3. The same optimization method adopted in the
previous case history is utilized to estimate the optimal undrained
shear strengths as shown in Eq. (12). Consequently, the optimal
undrained shear strength profile can be obtained, as shown in
Fig. 7(c).

S,=0.25 x N value/ 1.6 + 0.6 x 0.18 x o x(I.)**
+0.05 x g,/ 2+ 0.1 x S, (from SUU) (12)

3.3 Time of Setting
Since the concrete mixture (Table 4) adopted is similar to
previous case history, the same procedure as in previous case
history can be utilized to estimate the initial setting time. The
initial setting time of concrete due to this lower concrete curing
temperature of 15°C is estimated as 6.7 hours. According to the
reported tremie concreting speed as fast as 17 m/hr, it takes only
1.6 hours for concrete surface rising from trench bottom to 8.5 m
below the surface. This is much shorter than the initial setting
time of 6.7 hours, revealing that the concrete in the concreting
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Fig. 7. Optimal Undrained Shear Strength Profile for Case Il

closing panel still remains unset or in plastic form and this will
result in much larger driving force (Eq. (13)) to overturn the
adjacent primary panel.

Fy=yxtxk, ijzdz =Q24x12x1) xﬁ“‘zdz

x 9.8 =10906.2 KN (13)
3.4 Equilibrium Conditions

Figure 5(d) is the overturned primary panel on which driving
forces and resistant forces apply. The driving forces are the unset
concrete pressure, F,, from Eq. (13) and the self-weight minus
buoyant force of primary panel, W', from Eq. (14). The horizontal
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Table 3. Physical and Mechanical Properties of Subsoil for Case Il

Depth | Blow | Soil Water Unit Liquid Plasticity Gravel | Sand | Silt Clay colilrgfeﬁ:il\/e S from | - Optimal
(m) |count N| Type Con(t)ent 1) Welght3 % hm;t LL lndsx Pl (%) ©%) | (%) (%) strength g, SUU2 Sy ,
(%) (KN/m’) (%) (%) (KN/m?) (KN/m®) | (KN/m?%)
1 SF 28 21.68 0 89 11 0
2 NDA SF 27 21.68 NDA NDA 3 14 59 24
3 3 CL 29 18.93 38 18 3 14 59 24 NDA 9.692
4 2 CL 36 18.05 37 16 0 29 53 18 3.679
5 1 CL 42 17.46 41 16 0 1 73 26 5.847
6 1 CL 42 17.46 41 16 0 1 73 26 48.1 NDA 6.641
7 1 CL 41 17.66 39 16 0 2 69 29 30.4 7.426
8 1 CL 41 17.66 39 16 0 2 74 24 8.231
9 2 CL 34 18.25 35 14 0 2 74 24 12.184
10 2 CL 32 18.74 36 16 0 3 66 31 NDA 14.754
11 2 CL 32 18.74 36 16 0 3 71 26 15.892
12 1 CL 33 18.64 35 11 0 3 71 26 21.6 16.648
13 1 CL 31 18.54 33 13 0 2 70 28 NDA 15.156
14 2 CL 31 18.54 33 13 0 1 66 33 56.9 31.9 21.209
15 2 CL 38 17.95 40 18 0 1 66 33 324 NDA 17.668
16 2 CL 38 17.95 40 18 0 0 69 30 NDA 18.600
17 2 CL 37 17.85 42 20 0 1 64 35 29.4 23.672
18 2 CL 40 17.56 40 20 0 1 64 35 57.9 18.737
19 2 CL 41 17.76 40 21 0 1 61 38 n/a NDA 19.600
20 3 CL 41 17.76 40 21 0 1 65 34 334 22.279
21 3 CL 43 17.17 46 21 0 1 65 34 343 26.968
22 3 CL 43 17.17 46 21 0 1 66 33 NDA 24.397
23 3 CL 38 17.66 43 19 0 1 70 29 NDA 28.223
24 3.5 CL 39 17.66 40 17 0 1 70 29 63.8 53.0 32.697
25 3.5 CL 39 17.66 40 17 0 2 68 30 67.7 54.0 33.668
26 4 CL 40 17.36 42 19 0 1 63 36 60.8 29.773
27 5 CL 39 17.66 40 19 0 1 63 36 NDA 32.707
28 5 CL 39 17.66 40 19 0 1 66 33 33.570
29 6 CL 42 17.36 41 18 0 3 70 27 82.4 NDA 34.060
30 6 CL 36 18.25 39 20 0 3 70 27 38.720
31 7 CL 36 18.25 39 20 0 2 68 30 NDA 40.682
32 8 SM 35 17.85 40 18 0 85 15 0 44.488
33 Sandstone Bedrock (RQD = 50)
34 Sandstone Bedrock (RQD = 80) 7769.5
35 Sandstone Bedrock (RQD = 60)
36 Sandstone Bedrock (RQD = 50)

NDA =No Data Available

Table 4. Concrete Mixture Properties for Case I

Water-to-Cementitious Materials Ratio 0.46
Water (kg/m®) 185
Cementitious Materials (kg/m®) 400
Type I Cement (kg/m®) 300
Aggregate (kg/m®) 1830.1

Slag (kg/m’) 50

Fly Ash (kg/m®) 50

Concrete Strength (kg/cm?) 280

resistance forces between panel concrete and three types of in-
situ soils are F,;, F,, and F;; (Egs. (15), (16) and (18)). F,, is the

Vol. 00, No. 0/000 0000

product of contact area and optimal undrained shear strength of
soft clay from Fig. 7. F,, is the product of normal force and
friction coefficient between silty sand and concrete. As the
diaphragm wall panel is embedded into bedrock three meters, the
friction between concrete panel and sandstone should be
controlled by the weaker concrete because of less curing time.
This concrete is cured only 56 hours before the secondary
primary panel started to tilt. Nurse-Saul maturity function (Eq.
(17)) is used to estimate the Maturity Index with a datum
temperature of 11°C suggested by Carino and Tank (1992) as
shown in Fig. 8. By using a strength-maturity relation (Nixon et
al., 2008), with M = 369°C - hours, the concrete strength of 3430
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(after Nixon et al., 2008)

kPa (Fig. 9) is estimated and this is much smaller than sandstone
(Table 3). As concrete strength is not sensitive to the confining
pressure, the shear strength is close to half of compressive
strength. Then by Eq. (18), Fg, friction between sandstone
bedrock and panel concrete cured for 56 hours, can be evaluated,
which is much larger than the driving force. This indicates that
the primary panel cannot move horizontally. However, the safety
factor against overturning is 1.05 (Eq. (19)) less than 1.5, and this
explains the overturning mechanism.

W=e— %)% Vi = (2.4 =1) x (2.6 x 363 x 1.2) x 9.8

=1553.8 kN (14)
F, =[(02+4.5)x30.6/2] x2x2.6x98=36645kN (15)
F,=2x N x tang=2 x 32.5 x tan32° = 398 kN (16)

where

N=px kyx L x J‘O’zdz =0.82 %047 x2.6 XJ'szz x9.8

=318.5kN
M= (3 (T-To) x At (17
Fi=(S, x H) x 2L) = (1715 x 3.3) x (2 x 2.6)

=29429. 4 kKN (18)
FOS =M,/ M;=106801.8 / 101100.5 = 1.05 (19)

where

M,=10906.2 x 9.27=101100.5 kN-m
M, = (Fy x 14.93 + F,, x 3.8 + Fiy x 1.65) + (W’ x 1.3)
=106801.8 KN-m

4. Conclusions

Two very rare failure case histories are presented in this paper.
Any abnormal conditions can be diagnosed in the first place by
comparing the actual dosage to the designed dosage along with
the trench wall profile from sonic logging. The failure mechanism
of overturning primary panel is justified by the force-equilibrium
analysis and the initial setting time estimated from the equivalent
age maturity function. The following conclusions can be drawn:

1. This incident can be diagnosed in the first place through the
abnormal increasing concrete dosage during tremie concret-
ing and the smooth trench wall profile of the concreting sec-
ondary panel from the sonic logging.

2. The force-equilibrium analysis and the initial setting time
estimated from the equivalent age maturity function indicate
that the initial setting time under this lower concrete curing
temperature was longer than that under normal temperatures
and this unset concrete pressure in the concreting secondary
panel would generate larger driving force to push the just-
completed adjacent primary panel to tilt. Unusual fast con-
creting speed and small shear resistance in very soft and
thick clayey soil may also be considered as the causes to
trigger this incident.

3. With observations from the two very rare failure cases, the
equivalent age maturity function can be successfully used
for determining the initial and final setting times of concrete
in trench under non-isothermal curing temperatures.

4. The suggested quality control of concrete dosage during
tremie concreting along with the condition of trench wall
profile can be used to detect the possibility of the failure
mechanism of overturning primary panel and this can also
be used in the early design phase to prevent similar founda-
tion failures from occurring again.
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